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INTRODUCTION 
As early as 1932 one of the most respected taxonomic 
works on Cyanobacterla (Blue-Green Algae) classified 
species in many genera as marine, freshwater, saltwater 
or cosmopolitan (Geitler, 1932). However, by 1980 studies 
on osmoregulation, the primary mechanism by which organisms 
adapt to changing salinity or water activity of their bathing 
medium, ^ad been confined to only two strains of these 
phototrophic prokaryotes. Miller et al.(1976 showed 
that a salt lake isolate Aphanothece halophytica, accumulates 
intracellular K^ as its major response to salt stress. 
My coworkers and I(Eorowitzka et al,198Q) showed that 
a marine isolate, Synechococcus NlOO, osmoregulates 
by accumulating the solute O-iji-D-glucopy r a nosy 1 - (1 ̂ 2 )-
glycerol (glucosyIglycerol). Studies on heterotrophic 
prokaryotes under salt stress, have revealed a general 
response to regulate the potential osmotic effect of 
water loss from the cell by accumulating amino acids 
or their analogues (Gould & Measures^ 1977). While 
the accumulation of K^ may be seen as an appropriate 
response for halophilic prokaryotes, the accumulation 
of an organic solute not directly associated with an 
amino acid pool was novel among prokaryotes. 
Some general questions on the significance of glucosvl-
glycerol as an osmoregulatory solute arose from the report 
of ik^rowitzka ct a I . ( 1 980 ) : 
I . Is the ability to accumulate gLucosv Lg1yceroI 
common to all Cyanobacteria? 
2. Do those strains which are able to grow in the 
most saiine environments accumulate glucosyIglyceroL 
to the greatest concentration and is this the basis 
for the difference in salt tolerance among strains? 
For example , all strains so far examined of the eukaryotic 
green flagellate }3unaLieIIa accumulate glycerol as an 
osmoregulatory solute, and those strains able to grow in 
saturated salt solutions accumulate glycerol to greatest 
intracellular concentration (Ben-Amotz & Avron,1983). 
3. If some strains cannot accumulate glucosylglycerol, 
do they accumulate other dominant organic solutes 
in response to increased salinity? 
4. Is the ability to accumulate a particular solute 
restricted to strains from a particular taxon or 
does it correlate with the salinity of the environment 
from which the strain was isolated? 
5. Consequently is there any correlation between 
the taxonomic grouping of a strain and its environment? 
Such a distinction was drawn by Geitler (1932) and 
Desikachary (1959) who suggested that some species 
were restricted to freshwater, marine or saltvv-ater 
environments. Some physiological data is now available 
to support a distinction betvv'een strains from environments 
of different salinity. Freshvv-ater and marine groups 
have been recognised physiologically by their minimum 
ionic requirements for grovv'Lh ( Wa t c r bu r y , 1 7 6 ; 
Ri[.)pka et al,197^i), buL d i l't e rcMices in the optimum 
ionic r ecju i reme n L s :nid niaxiiiiuin salt tolerance tor 
growth were not rej)orted. flypersaline c v a n«.) ba c t e r i a 
have not been d i s t 1 ngu i sh.ed 1 rom m<;irine c y a noba c t e r i a , 
in 
even though their salt tolerance far exceeds that 
of marine strains (Waterbury & Stanier, 1981). 
5. Therefore, would the minimum and optimum ionic 
requirements for growth and maximum salt tolerance 
prove a reliable physiological basis for distinguishing 
between strains from environments of different salinity? 
Are other physiological data able to support a distinction 
between strains from environments of different salinity? 
This study was undertaken as an initial investigation of 
osmoregulation in Cyanobacteria with particular reference 
to the use of organic osmoregulatory solutes and consequently 
to examine any physiological basis for the classification 
according to habitat made by Geitler in 1932. Cyanobacteria 
from marine and freshwater environments were readily available 
from culture collections, but because very few hypersaline 
strains were available, a number of cyanobacteria were 
isolated from hypersaline environments in Australia. 
N 
SUMMARY 
Cyanobacteria from a wide range of environmental 
sources were examined for their salt toierance and the 
accumuiation of organic osmoregulatory soiutes. Cyanobacteria 
could be identified as belonging to one of three salt 
tolerance groups (iow, intermediate or high). The most 
salt-toierant cyanobacteria are properiy classified as 
moderateiy haiophiiic. AIL cyanobacteria from all habitats 
and taxonomic groups accumulated organic osmoregulatory 
solutes, and the chemical class of the solute correlated 
with the salt-tolerance and habitat of the strain. 
Almost all isolates from non-saline environments accumulated 
simple saccharides, predominantly sucrose. Most strains from 
the marine environment accumulated the heteroside 
0-oi-D-glucopyranosyl-(L^2)-glycerol (glucosylglycerol). 
Strains from hypersaline environments accumulated a 
quaternary nitrogen compound (glycine betaine or glutamate 
betaine) with or without sucrose and/or trehalose as 
their dominant organic osmoregulatory solutes. 
The universal nature of organic solute accumulation 
and correlation with sa1t-tolerance suggest that the 
presence of certain dominant organic osmoregulatory solutes 
may be useful in distinguishing between cyanobacteria 
of similar morphology but different physiology, and hence 
might be used in establishing a coherent taxonomy useful 
for both Lie Id and culture work, which , it is currently 
agreed , de)es not exist. 
Photosynthetic studies on Synechococcus NlOO showed 
that following hyperosmotic shock the osmoregulatory 
solute glucosyIgLyceroI can be rapidly synthesized from 
extracellular carbon, via photosynthetic carbon fixation, 
osmotic baiance being achieved within fO-100 minutes. 
13 
Changes in the C labelling patterns indicate that the 
maximum contribution from intracellular carbon is <10^ 
of the total required to balance osmotic stress. Synthesis 
of glucosylglycerol was not detected following hyperosmotic 
shock in the dark. Change of label experiments indicate 
that at least 907o of the newly synthesized glucosylglycerol 
following salt shock, is derived from photosynthate. 
These results indicate that photosynthesis is the primary 
source of carbon for the synthesis of glucosylglycerol 
in Synechococcus XIOO. jhe lOZ contribution from intra-
cellular carbon M^ot photosynthate) produces turnover 
of carbon I intrace IluLar with photosynthate ) evicent in 
the glx'ceroL moiety of glucosylglycerol during the period 
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1. LITERATURE SURVEY 
1.1 Cyanobacterla 
Cyanobacteria are prokaryotic, oxygen-evoLving 
photosynthetic microorganisms. They resemble both 
eukaryotic algae, having essentially the same photosynthetic 
metabolism, and bacteria having a prokaryotic cellular 
structure, including a rigid cell wall (Stanier, Pfenning & 
Triiper, 1981). Cyanobacteria inhabit a vast diversity 
of environmental niches, including such extremes as: 
hot springs (Castenholtz,1973) and Antarctic streams 
and lakes (Broady, et al , 1984) , freshwater 
(Rippka et al. (1979) , evaporating salt basins and salt 
works (Hof & Fremy,1933), inside rocks in hot (Sinai) 
and cold (Southern Victoria Land, Antarctica) deserts 
(Friedman, 1980) and alkaline lakes, where they have 
been harvested and used as a food source for thousands 
of years (Ciferri, 1983). Many strains fix atmospheric 
nitrogen (Stewart,1973; Stahl et a 1,1984 ) . Hence they 
constitute one of the most versatile groups of organisms 
known to man. 
1.2 Osmoregulation 
Cyanobacteria like all cells , need to regulate 
their intracellular environment with respect to level 
of ions, pressure on the cell wall and ¿3 va i I a bi I i t v of 
non-bound water n.oL Ten" biosvnlhclic use. In i s re^iiulation 
has been termed 'osmoregulation' 1rom the concept of 
regulation of osmotic pressure of intracellular solution 
with respect to extracellular solution (Brown,1976). 
The biophysics of cell-water-solute relations have 
been reviewed in d e t a i l elsewhere (Brown,1976; Walsby,1982; 
Wyn Jones & G o r h a m , 1 9 8 3 ) . The osmotic pressure of a 
solution may be expressed as 
IT =RTi:.0.M. 
^ J J J ? 
where is the osmotic p r e s s u r e , R the u n i v e r s a l gas 
c o n s t a n t , T the temperature in degrees K e l v i n , the 
osmotic coefficients of the solutes in solution and 
M^ their molalities (moles per kg solvent). Likewise, 
the osmotic pressure ^^Y t)e expressed as a function of 
the activity of w a t e r , a ( defined as the product of 
w 
the activity coefficient of water [l for pure water] 
and the mole fraction of water [the number of moles of 
water divided by the total number of moles of water 
and solutes in s o l u t i o n ] ) , 
-RT In a w 
V 
w 
where V is the p a r t i a l moial voiume of water (18x10 m ^ . m o l w * 
at W a l s b y , 1 9 8 2 ) . Since one kilogram of pure 
water contains 55.51 m o l e s , it follows that a one osmolal 
ideal solution at 25°C has a water activity of ^ ^ ' 9 8 2 1 
56.51 
and produces a corresponding osmotic pressure of 2.48 M P a . 
Seawater is approximately 0.5 mol kg \ being close to 
1 OS mo I kg ^ with the dissociation of NaCl, and hcM^ce has 
an osmotic pressure of a j)p r ox i m a t e 1 v 2-5Ml\-i (Ivo 1 f et a l , 
1982-83. ) . 
In many algal cells the pressure generated by 
intracellular solution (cytoplasm) usually exceeds that 
of the surrounding medium. The pressure difference generated 
depends to some extent on the modulus of elasticity of 
the cell wall. 
Microorganisms respond in two stages to a change 
in the water activity of their surrounding medium. First 
is rapid adjustment of osmotic volume with changes in 
ionic content. This is easily seen in wall-less algae 
like Puna1iel1a and Poterioochromonas where rapid cell 
shrinkage on hyperosmotic shock may be up to 401. Secondly, 
there is alteration in metabolic activity, with changes in 
enzyme activity and regulation and subsequent modification 
of biosynthetic pathways, which occur over a time scale 
similar co that of a generation of the organism. During 
this time intracellular solutes are accumulated and osmotic 
volume is regained in wall-less cells (Hellebust,1976; 
Kauss,1977;Wyn Jones & Gorham,1983). 
The general ways a cell may adapt during this second, 
metabolic stage include; excluding inhibitory ions, having 
a biosynthetic machinery which is unaffected by high 
levels of certain ions and producing a non-inhibitory 
compound, or group of compounds, to help balance the 
external stress, or e rha[3s some c(.)mbi na t ion of these. 
ALL organisms must at least exclude inhibitory icms or 
faii to survive. The HalobacLeria and HaLococci' a[^pear 
Y 
to be the only groups of organisms with their intracellular 
metabolism geared to high levels of ions (K^) (Brown,1983). 
Most organisms produce some organic compound/s as a partial 
response to osmotic stress. The osmoregula tory soluiics found 
algae, plants, bacteria, licher^ fungi and yeasts are shown 
in Table 1. In general terms however, these compounds 
are either nitrogen dipoles (ag. glycinebetaine, amino acids) 
or small polyhydric alcohols or derivatives (e.g. glycerol, 
floridoside ) . 
1.3 Osmoregulation in Cyanobacteria. 
Prior to the commencement of this study the mechanism 
of osmoregulation in Cyanobacteria had been reported 
in only two strains. Since Cyanobacteria contain no 
cytoplasmic vacuoles (other than gas vacuoles) and have 
a rigid cell a decrease in osmotic cell volume 
may be seen as plasmolysis (detatching of the plasma 
membrane from the wall). Plasmolysis in Aphanothece 
halophy t ica, isolated from a California salt works, require-l 
a salt shock of at least 1.8 M NaCl, the time for deplasmolysis 
varies with conditions but vv̂ as well within one generation 
time (Yopp et al,I978Q). Although initial reports indicated 
that K^ was accumulated to high concentraficas (^IM) in 
adapting to salt stress (Miller et al , 1976ct^l^^la ter reports 
indicated that carbohydra tes,polyols, and amino nitrogen 
might pl-ay a role in balancing osmotic stress, resulting 
in deplasmolysis (Yopp et a I, 1978 g b ; 'lindall et a I , 19 7 7 ) . 
In contrast, my collègues and 1 published work on 
Table 1. 
Data from: Storey & Wyn Jones (1975) 
Hellebust (1976) 
Flowers et a 1( 1977) 
Kauss (1977) 
Brown (1976) 
Storey & Wyn Jones (1977) 
Flowers & Hall (1978) 
Jeffries et al (1 979 ) 
Brown & Hellebust (1980) 
Reed et al ( 1980) 
Wyn Jones (1980) 
Risk et al, (1982 ) 
Hocking & Norton (1983) 
Feige (1972) 
Kirst (1980) 
Stanley & Brown (1976 ) 
Makemson & Hastings (1979) 
s 















































glycerol & sucrose 
sucrose & glutamate 
sucrose, sorbitol & proline 
sorbitol & proline 


























S y n e c h o c o c c u s N 1 0 0 , a n i n t e r t i d a l m a r i n e i s o l a t e , r e v e a l i n g 
that a s i n g l e d o m i n a n t c o m p o u n d 0-0<.-D-gIucopyranosyI-
(l->2 ) - g l y c e r o l ( g l u c o s y l g l y c e r o l ) was a c c u m u l a t e d in d i r e c t 
p r o p o r t i o n to the s a l i n i t y of the e x t e r n a l m e d i u m and w a s 
h e n c e c o n s i d e r e d the d o m i n a n t o r g a n i c o s m o r e g u l a t o r y 
s o l u t e of this s t r a i n ( B o r o w i t z k a et a l , 1 9 8 0 ) . K o l l m a n 
et a l . ( 1 9 7 9 a ) had r e p o r t e d the p r e s e n c e of g l u c o s y l g l y c e r o l 
in a n o t h e r m a r i n e i s o l a t e , but no role had been d e m o n s t r a t e d 
for the s o l u t e . T h e s e two r e s p o n s e s i l l u s t r a t e d i f f e r e n t 
a p p r o a c h e s to m a i n t a i n i n g an o s m o t i c b a l a n c e b e t w e e n the 
c e l l and the s u r r o u n d i n g m e d i u m . The a c c u m u l a t i o n of ions alone 
( p o t a s s i u m ) m i g h t be c o n s i s t e n t w i t h the a p p r o a c h of h a l o p h i l i c 
p r o k a r y o t e s , but the a c c u m u l a t i o n of s i g n i f i c a n t q u a n t i t i e s 
of an o r g a n i c c o m p o u n d not d i r e c t l y a s s o c i a t e d w i t h an a m i n o 
acid pool w a s n o v e l a m o n g prolcaryotes. 
To a s c r i b e a p a r t i c u l a r s i g n i f i c a n c e to an o s m o r e g u l a torv 
s o l u t e Wyn J o n e s ( 1 9 8 0 ) c o n s i d e r s that: 
1. The d i s t r i b u t i o n of the c o m p o u n d r e v e a l e d by field 
s u r v e y s s h o u l d be c h a r a c t e r i s t i c of c e r t a i n h a b i t a t s . 
2. T h e r e is c o n s t i t u t i v e a c c u m u l a t i o n in t o l e r a n t 
s p e c i e s but not in s e n s i t i v e s p e c i e s . 
3. A c c u m u l a t i o n of the o s m o r e g u l a t o r y s o l u t e is e n h a n c e d 
by a m o d e r a t e s t r e s s ( i n d u c t i o n u n d e r a s t r e s s w h i c h does 
not impair or even e n h a n c e g r o w t h ) . 
4 . E x o g e n o u s a p p l i c a t i o n might e n h a n c e v i t r o the 
t o l e r a n c e of s p e d Lie m e t a b o l i c p r o c e s s e s . 
T h i s thesis t h e r e f o r e a d d r e s s e d the q u e s t i o n of w h e t h e r 
C y a n o b a c t e r i a a c c u m u l a t e d o r g a n i c o s m o r e g u l a t o r y s o l u t e s 
as a g e n e r a l m e c h a n i s m of o s m o r e g u l a t i o n and e x a m i n e d the 
f-
distribution of glucosylglycerol. 
Much of the work of this thesis has been published 
(Borowitzka,1981; Mackay et a 1,1981,1983 , 1984 ; see Appendix T̂ î iir) 
The correlation of dominant organic osmoreguiatory solutes 
with the maximum salinity tolerated for growth and, in 
general, with the salinity of the source of the isolate 
prompted the description of three broad salt-tolerant groups.' 
"freshwater" cyanobacteria showedrestricted salt-tolerance 
and accumulated the disaccharides sucrose and trehalose, 
"marine" cyanobacteria had extended salt-tolerance and 
accumulated glucosylglycerol, "hypersaline" cyanobacteria 
showed the greatest salt-tolerance and accumulated a 
quaternary nitrogen compound (usually glycinebetaine) 
sometimes with disaccharides (Mackay et al,1984). 
A study of only the carbohydrate solutes accumulated 
by over 70 strains of cyanobacteria isolated from freshwater 
soil, marine, salt marsh and more saline environments^showed 
that sucrose, trehalose and glucosylglycerol were indeed 
the dominant carbohydrate osmoregulatory solutes accumulated. 
Although non-carbohydrate solutes and the maximum salinity 
tolerated for growth were not examined, the trend was 
towards glucosylglycerol accumulation in marine isolates 
and sucrose accumulation in freshwater isolates (Reed 
et al,1984a ) . 
Two strains oi cyanobacteria isolated from marine or 
more saline sources hiive been shown to accumulate 
disaccharides as osmoregulatory solutes; trehalose by 
Rivularia atra (Reed & Stewart,1983) and sucrose by 
Nodularla harveyana (Warr et al,1984b). Several non-marine 
isolates have been shown to accululate glucosyIglycerol 
as an osmoregulatory solute (Erdmann,1983 ; Richardson et al, 1983 ; 
Mackay et al,1983,1984 ; Reed et al,1984a; Reed & Stewart, 
1985; Warr et al,1985). 
Several glucosylglycerol accumulating strains have been 
shown to accumulate secondary organic osmoregulatory solutes; 
trehalose by Spirulina platensis (Warr et al, 1985a) and 
sucrose by Synechocystis strains (Warr et al,1985b ) . 
Synthesis of the secondary solutes is dependent on salinity 
and/or temperature; higher temperatures producing higher 
concentrations of the secondary solute. At salinities 
above 501 seawater and at tempe t̂ a tures below 30°C^ sucrose 
was always less than 107o of the total osmoregulatory solute 
pool(that is, glucosylglycerol to sucrose ratio of 9:1 or 
higher) in Synechocys t i s 6714 (Warr et al , 1985b ) . 
Timecourse studies revealed that sucrose was an 
important short term osmoregulatory solute when Synechocystis 
6714 was salt shocked irom freshwater to seawater. Sucrose 
and glucosylglycerol were both [produced initially on 
salt shock but after 12 hours the ccniccn t r a t ion of sucrose 
tell while that of g 1 ucos v I g 1 yce ro 1 continued te) incrciise. 
From 12 hours to equilibrium (about 96 hours) the glucosyl-
glycerol to sucrose ratio increases about 10 fold, indicating 
? 
that although osmotic balance had been reached by 12 hours, 
equilibrium levels of solute pools had not (Warr et al,1985b) 
Sucrose has been reported as the major osmoregulatory 
solute in freshwater isolates of cyanobacteria (Blumwald & 
Tel-Or,1982a,b; Blumwald et al,1983a,b; Erdmann,1983; 
Reed et al, 1984^1; Mackay et al, 1984 ) . Disorientation of 
thylakoids on salt stress has been shown for one strain 
(Blumwald & Tel-Or,1982b) and increased photosynthesis for 
some part of the salt adaptation period has been considered 
responsible for the increase in sucrose content in two 
strains (Blumwald & Tel-Or,1982a, 1983). In contrast, 
nitrogen fixation was sensitive, showing a transient 
decrease following salt shock (Blumwald & Te1-Or,1982b; 
Tel-Or,1980). 
Blumwald et al(1983a,b ) used an elegant Electron 
Spin Resonance technique to measure the osmotic volume of 
the freshwater Synechococcus 6311. This strain only showed 
permanent reduction in cell volume with large NaCl shocks 
(^1 M NaCl). However, the cells underwent a rapid (300 msec.) 
volume reduction, followed by recovery of initial cell volume 
(within 15 seconds to 1 minute) when salt shocked in IM NaCl. 
Accompanying salt shock there was a dramatic increase in the 
intracellular level of Na , almost to the extracellular level 
+ + 
at salt stress. Slow Na extrusion was accompanied by K 
accumulation and a significant increase in sucrose, and to 
a lesser extent glucose. Glucose did not increase at low 
salt content but appeared as an osmoregulatory solute only 
/O 
with higher salt stress. The same massive influx of Na 
within 2 minutes of salt shock was shown in Synechocystis  
6714 (Reed et al,1985) . 
The non-carbohydrate solute glycinebetaine (confirmed 
13 
by C NMR) was shown to be the major osmoregulatory solute 
in several strains of cyanobacteria isolated from hyper-
saline environments (Yopp et al,1983 ; Mohammad et al, 1983 ; 
Borowitzka,1981; Reed et al,1984b; Mackay et al,1984). 
Sucrose and glycinebetaine have been examined for 
their role as compatible solutes. Sucrose was found to be 
a poor compatible solute at concentrations above 0.3M, inhibiting 
enzyme acitvity of cyanobacterial extracts (Yopp et al, 
1975 , 1976; Warr et al, 1984a). Glycinebetaine was non-
+ + 
inhibitory at 1 to 3M, and relieved Na and K inhibition 
of enzyme activity (Pavlicek & Yopp,1982,1983 ; Warr et al , 19845 . 
Although the effects of glucosylglycerol on enzyme 
activity have not been reported, there are some studies on 
photosynthetic labelling in strains accumulating this solute. 
In Microcystis fi rma heavy labelling of glucosylglycerol 
14 was found (80?c ot total tixed C) in NaCl enriched media, 
14 but no detectable C label was found in PIUCOSV1P1ycerol 
vjhen cells were grown in Low salt media ([:^rdmann,1983). 
Synechocys t i s aqua 11 I i s _wh i ch had i m a i rcd ability to 
tolerate hyperosmotic shock, showed impaired svnthesis ot 
glucosy Lg lycero I , although it could accumulate SLgnifLcant: 
quantities (up to bl of dry mass) when adapted to 23()mM 
NaCl for long periods of time (krdmann,1983 ) . 
// 
Although the synthesis of organic soiutes in response to 
salt stress is well documented, the complex nature of the 
ionic environment and the response of cyanobacteria to the 
levels of those ions is only poorly understood. 
1.4 Evolution of saline waters. 
Table 2. lists the ionic composition, total salinity 
and pH of some saline (^5 g.l ^ total dissolved solids) 
lakes and pools in various geographical locations. Clearly, 
waters of approximately the same total salinitycan have 
different ionic compositions and pH, which may have a 
great bearing on the type of cyanobacteria able to grow 
and/or survive in these waters. 
Eugster & Hardie (1978) list the factors which alter 
the salinity of a body of water: 
1. Rate and composition of inflovs/ waterSj 
2. Rate of outflow, 
3. Rate of evaporative concent rat ion, 
4. Loss of gasses, prinicpally CO2, 
5. Mixing of waters, 
6. Temperature changes and 
7. Ivater-mineral interactions. 
+ + 2 + 2 + The dominant solutes involved are Na , K , Ca , Mg , 
- 2 - 2 - -HCO^, CO^ , SO^ , CI , and Si02- Dominating ionic 
incompatibilities mean that, as the water concentrates, 
first carbon;ites and later sul.phates precipitate. Waters 
which have high levels of HCO^ and CO^ will have low 
levels of Ca^ and Mg^ and vice versa due to removal 
Table Z . Ion Concentrations In Various Saline Lakes and Basins^ 
Pyramid° Surprise^ Summer^ Saltón^ Wallender^ Seawater Seawater*^ Wallender^ Honey^ Marine Cadiz^ 
Lake Valley Lake Sea Lake(top) (ZoBell, Lake(bottom) Lake Solution Lake 
Ion (Nev.) (Cal.) (Ore.) (Cal.) (Brit.Col.) 1963.) (Israel) (Brit.Col.) (Cal.) Basin 16 (Cal.) 
Ma 71 173 286 272 157 478 508 362 796 852 983 
K 3 <1 7 3 7 10 10 18 42 19 27 
5 1 tr 24 108 54 72 254 119 17 
Ca <1 <1 tr 13 6 10 12 14 20 112 
CI 55 120 81 255 2 557 646 2 273 1,149 1 ,262 
QO 
J 9 7 43 151 29 nd 354 126 nd 3 
co^-" 23 3" 97 
4 nd 2 nd nd 224 nd -
6 11 17 21 21 36 nd 50 53 64^ 74 
pH nd 9.2 nd nd nd 8,0 8.1 nd 9.7 7.9 nd 
Marine Marine Kot^^ Carson ̂  Great° Basque^ Marine Marine Abert^ 
Solution Solution Lake Sink Salt Lake Lake Solution Solution Lake 
T .-s ^ Basin 13 Basin 14 (V/ash. ) (Nev.) (Utah) (Brit.Col. ) Basin 8 Basin 15 (Ore.) 
1 ,876 2,018 319 2,470 3,636 594 4,422 4,953 5,176 
23 2 3 23 83 104 40 81 33 99 
221 216 939 5 296 1 ,744 613 209 -
3 a 1 9 42 16 7 6 nd 14 42 -
"1 2, 133 47 2,574 3,949 48 5,159 5,397 3,244 
30. nd nd 1, ,o'9 8 171 2,037 nd nd 96 
rd nd 103 5 4 49 nd nd 1,005 
i" 1 1 ^ 3 152 258 3 0 3 ^ 308^ 309 
8.0 8.0 nd 7.8 7.4 nd 7.6 8.0 9.8 
a. Ion concentrations in millimoles per litre solution, Total Salinity (S) in grains 
solutes per litre solution. Abbreviations: tr-trace, nd- not determined, 
Brit. Col.- Sritish Colombia, Cal.-California, Nev.-Nevada, Ore.-Oregon, 
V/ash.- Washington State. Data calculatod from Eugster & Hardie (1978), 
Kudec & Sonnenfeld (1980), Nadler & Magaritz (1980) and ZoBell (1963). 
b. Published values were in ppm. Consequently,Salinity for these Lakes is expressed 
in grams solute per kg solution(not per litre solution) and concentrations of 
ions shown are In millimoles per kg solution (not millimolar). 
The difference between moles per kg and moles per litre is negligible at low 
salinity but becomes greater with increasing solute load (due to increased ĵO 
HgO displacement per litre solution). At about a total salinity of 250 g/kg 
molar concentrations would be about higher than moles/kg values. 
c. Source seawater for the :-:arine Solution Basins numbers 8, 13, 14, 15 & N a d l e r & M a g a r i t Z (1980)^ 
d. Calculated from the major solutes assayed. 
of aragonite & calcite (CaCO^) and/or magnesite (MgCO^), 
o _ 
and waters which have high ievels of SO^ will have iow 
2 + 
ieveis of Ca^ due to removai of gypsum (CaSO^.2H2O). 
Often Ca^^, Mg^^, HCU^ and CO^ are almost compieteiy 
removed from waters as they concentrate. The very slow 
rate of dissolution of SiO^ hampers its ability to 
concentrate in environments where extensive wetting and 
drying occur. Potassium may be removed from water by 
exchange with clay minerals. This leaves the vast majority 
of saline water bodies with Na"^ as the dominant cation o 
and CI or CI + SO^ as the dominant counter ion/s 
(Eugster & Hardie, 1978 ) . Even with saline pools in the 
same vicinity dramatic differences in ionic composition 
may occur (see marine solution basins in Table 2.). 
Since cyanobacterla occur abundantly in mari^ne 
environments, it is useful to examine in some detail 
the changes which occur in coastal saline pools as seawater 
concentrates. The ratios of major ions in seawater remain 
approximately unaltered until about threefold concentrated. 
Then the Ca^^ level gradually falls as it is deposited 
as gypsum, while the brine reaches saturation with respect 
to N'aCl at eleven -fold concentratlc^n. Further concentration 
leads to the precipitation ot: NaCl_ , followed bv the 
the precipitation of other mineral s , like svlvlte (KCl ) 
(¡\iadler & Maga r 11 z , 1 1 . 
A s t h e w a t e r I n s h a 1 1 o v % ¡ m o l s e v 1 [ ) o r a I e s , L h c > s u r l < i c e 
a r e a d i m i n i s h e s , l e a d l n ^ ^ l o b o L h v e r t i c a l a n d h o r i z o n t a l 
l a y e r i n g o f t h e p r e c l j ) ! t a I e d m i n e r a l s I C a v i s h , 1 ) ) . 
On water inflow the rate of dissolution of precipitated 
minerals varies with the type of mineral and solvent 
(rainwater, seawater or brine). Na^ and CI dissolve 
most rapidly, then K^ , SO^", Mg , Ca , CO^ species 
and finally Si02 (Eugster & Hardie,1978). Consequently, 
when a solvent flows over horizontally layered minerals, 
there can be differential dissolution of the minerals 
resulting in a saline water with an ionic composition 
different to both the original and solvent water bodies. 
During this time, the bottom of the pool is usually not 
impervious to water and there is usually a loss into 
the ground (Gavish,19 39) • Additionally there is an influx 
of ground water. This may be seawater, brine or brackish 
water derived from rainwater flowing over the limestone 
beds common in many coastal evaporitic environments. 
The layering of low salinity waters over dense brines 
may also produce a thermal stratification, so that both 
salinity and temperature may be dramatically different 
from place to place within a saline pond (Hudec & Sonnenfeld 
1950; Gavish,1980). This occurs in Solar Lake,the source or 
Synechococcus 7418 (Hirsh,1980). 
Lastly there is usually some exchange of ions between 
the brine and the precipitated minerals lining the bottom 
2+ 2 + of the pond. For example, Mg exchanges with Ca to 
form dolomite (CaMgiCO^)^) from calcite or aragonite 
(CaCO^) il-Aigstcr & Ha rd ic , 19 78 ; Levy , 1 9;..:.; ) . 
/b 
+ 
Although it may be relatively safe to assume Na and 
CI as the dominant ions in most saline waters, rm assumption 
can be made about the levels of other ions. Consequently, 
the presence or absence of cyanobacteria in saline environ-
ments should not be assumed to be related solely to salinity, 
since the levels of other ions, especially Ca^^ and Mg^^, 
are known to have a great effect on growth (Waterbury,1976; 
Stanier & Cohen-Bazire , 1977 ; Rippka et al,1979 , 1981 ; 
Batterton & Van Baalen, 1971). 
1.5 Ionic requirements. 
All cells require certain ions for cell maintenance 
and growth, but it is the level of ions required for 
growth which is used to differentiate strains. While 
rumen bacteria are distinguished physiologically by a 
requirement for high levels of Na^ (Caldwell & Hmdson,1974 i , 
among heterotrophic bacteria and cyanobacteria an elevated 
requirement for Xa^ and other ions has been used in an 
attempt to differentiate marine from terrestrial strains. 
Since (unpublished) results of Iva ter bury ( 1 976 ) 
and his analogy with the work of Reichelt & Baumann (1974' 
were important in establishing certain concepts relating 
to cvanobacterial physiology and ecology, they are now 
examined in some detail. 
i -
K'aterburv examined the Na and CI requirements 
of 36 strains of c v a no ba c t c r i a isolated 1 rt)m terrestrial 
or marine environments. His results mav be snmmnr i sî d 
as follows: 
1. ALL but one of the terrestrial isolates grew 
without added NaCI. 
2. AIL but one of the marine isoiates had requirements 
for added Na^ and Ci above the ievels in the 
test media. 
3. The concentrations of ions required by marine 
isoiates ranged from 10 to 200 mM for Na^ and 
5 to 200 mM for Cl~. 
4 . One terrestrial isolate and one marine isolate 
grew with no added chloride but required 10 mM 
Na^ for growth. 
5. All terrestrial isolates would grow in the 
'freshwater' medium BG-11, while only four marine 
isolates would grow in BG-11. 
6. The other 27 would not grow in BG-11 medium with 
upto 500 mM NaCl, even though their absolute Na^ 
and CI requirements were met. H o w e v e r , they 
would grow in ASN-III medium (which contains 
substantially more K , Ca , Mg and SO^ than 
BG-11). These strains would grow in a medium of low 
— + 
sot concentration (in the Na test) and Waterburv 
4 
concluded 
" It is accordingly probable that these marine 
strains have elevated requirements for four 
ions N'a , Mg'"̂  , Ca^ and CL ." 
2 + 2 + 
Waterbury also noted th^it the effects ol: Ca and Mg were 
i n t e r r e 1 a t; e d , 
" The minimal level of either ion which supports 
growth is influenced by the level of the other one. 
So although alL but one marine isolates required 
eievated ieveis of Na^, only some required elevated levels 
2 + 2 + + 
or Mg , Ca and K for growth. Waterbury considered 
that these latter strains were truly marine and that the 
former 
"...could well be of terrestrial o r i g i n , their 
isolation from the intertidal zone being a 
result of their ability (not uncommon in fresh-
water and terrestrial prokaryotes) to grow 
in seawater. The alternative interpretation, 
in our opinion less likely, is that marine 
cyanobacteria fall into two distinct classes 
with respect to their ionic requirements." 
Consequent.Ij he devised a discriminatory test to determine 
2. ̂  2 
an elevated requirement for Mg , Ca and K for growth; 
.1 11 (n o M M 2+ and 0.24 mM Ca"^^) with growth on BG-11 (O.J mM Mg 
3Z(w/v) NaCl (i.e. 500 mM NaCl). He stated 
" This discriminatory test is similar to the 
one suggested by Reichelt & Baumann (1974) 
for the recognition of marine non-photosynthetic 
bacteria . " 
In fact i_s not. The test of Rcichelt & Baumann (1974) 
determines a requirement for Na ' alone, not Mg^ ̂  , Ca"^" 
and K . It therefore seems appropriate to examine Reichelt 
Baumann's data on ionic requirements. 
ReicheLt & Baumann (1974) tested 31 marine and 14 
, genotypLcally and phenotypica1ly well 
described,heterotrophic bacteria for growth in terrestrial 
( 2 mM Mg^^, 0.55 mM Ca^^; TM) and marine ( 50 mM Mg^^, 
10 mM Ca ; MM) media with different levels of added 
NaCl. Results were: 
1. All terrestrial strains grew in TM without added 
Na^ . 
2. No marine strains grew in TM or MM without added 
Na^. 
3. 27 of 31 marine strains grew in TM with added 
Na . The minimum concentration permitting growth 
of different marine strains in TM ranged from 
about 15-200 mM NaCl. Exact minimum values lay 
between 10 and 15 mM NaCl for A11eromonas macleodii 
and between 160 and 200 mM NaCl for A.haloplanktis. 
In each case growth only occurred at the higher 
of the two concentrations tested. 
4. All marine strains required 70-300 mM NaCl to 
support optima1 growth in MM. 
5. When the 27 marine strains were tested in TM 
with 200 mM NaCl, they showed >752 of optimal 
growth rate and yield. 
6. For almost every strain tested, the NaCl concentration 
required for optimal growth rate and yield was 
higher in TM than in MM and generation times 
were considerably longer in the former medium. 
7. Although different strains in a single species 
respond in a similar manner to variations in 
NaCI concentration, the percentage optimal growth 
at sub-optimal NaCI concentrations varied dramaticaliy 
from strain to strain. 
8. The levei of Na^ required to support growth varied 
from species to species and often varied dramatically 
within a species, depending on the medium Mg 
and Ca^^ concentration. 
We may conclude: 
1. The Na requirement of marine heterotrophic bacteria 
is higher than that of terrestrial heterotrophic 
bacteria. 
2. Most species of marine bacteria (80^ of those 
tested, representing 14 species among 5 genera) 
will grow in a terrestrial medium supplemented 
with K a C1 . 
3. Only 4 of the 31 strains examined showed an absolute 
growth requirement for elevated levels of the divalent 
2 + 2 + 
cations Mg and Ca 
Reichelt & Baumann (1974) suggested that the qualitative 
test to determine a Na requirement in bacteria of marine 
origin was best performed using two defined media; one 
2 2 
containing artifical seawater (high Mg and Ca '), the 
other differing o_n,lŷ  by the substitution of equimolar 
ammounts of K^ for Na^. This test does not select for 
2 + 2 ^ 
or against strains requiring high levels ol Mg or Ca 
They concluded: 
"High levels of divalent cations ¿ire clLhcr esscnLlal 
tor growth ,4 strains; or sLLmulaLe ^^vowlh raLe 
,27 strains;, indicating that for manv niarint^ strains 
a/ 
a terrestrial medium modified by the addition of 
NaCI cannot support optima I growth." My emphasis 
and brackets. Such a medium w i l l , h o w e v e r , be able 
to support the growth of many marine bacteria if 
NaCI is added. 
So Waterbury (1976) demonstrated that marine isolates 
of cyanobacteria fall into at least two distinct classes 
with respect to their ionic requirements, just as Reichelt 
Baumann (1974) had shown for well defined species of marine 
heterotrophS (Baumann et al. 1971 , 1972 ; Reichelt & Baumann,1973) 
2 2 ̂  
Both found that the Mg and Ca ^ effects were interrelated 
and Reichelt & Baumann (1974) showed that the Na 
+ 
requirement is affected by the level of Mg^^ and Ca^^. 
Batterton & Van Baalen (1971) also noted this interaction. 
Even so, Stanier and coworkers used Waterbury's 
criterion to classify Cyanobacteria in their description 
of 178 strains (Rippka et al , 1979) . Only 33 of the 53 
isolates from saline sources (almost exclusively marine) 
+ 
showed absolute requirements for elevated levels of Na , 
2 + 2 + Mg and Ca and were classified as marine. 
Consequently the word marine has come to mean different 
things to different people. To some it means cyanobacteria 
r.ound in, or able to be isolated from, marine environments 
(which may range from pelagic to supra 1ittor a 1 ) ; To 
others It means an elevated requirement tor Nil ' , Mg"^^ 
2 t 
'-nd La ; lo those working with he t e ro t r o|^h i c bacteria 
It means bacteria isolated from marine environments and 
displaying an elevated requirement for Na ' . 
1.6 Salt t o l e r a n c e . 
The a b i l i t y to grow in s e a w a t e r - b a s e d or f r e s h w a t e r -
based media r e l a t e s both to the m i n i m u m ionic g r o w t h 
r e q u i r e m e n t s of a c y a n o b a c t e r i u m and to the salt t o l e r a n c e 
of that s t r a i n . H o w e v e r , salt t o l e r a n c e is best d e m o n s t r a t e d 
as the m a x i m u m s a l i n i t y t o l e r a t e d , e i t h e r for g r o w t h or 
for s u r v i v a l . A n u m b e r of s t u d i e s have e x a m i n e d the 
m a x i m u m s a l i n i t y t o l e r a t e d for g r o w t h by c y a n o b a c t e r i a . 
Most isolates from f r e s h w a t e r e n v i r o n m e n t s showed 
e i t h e r no g r o w t h or poor g r o w t h beyond 11 NaCl or 50:7o 
s e a w a t e r , a l t h o u g h some w o u l d grow poorly in lOO/ó seawater 
(Batterton & Van B a a l e n , 1 9 7 1 ; S c h i e w e r , 1 9 7 4 ; Stam & H o l l e m a n , 
1 9 7 5 , 1 9 7 9 ; Blumwald & T e 1 - O r , 1 9 8 2 a , B l u m w a l d et a l , 1 9 8 3 b ; 
M a c k a v et a 1 , 1 9 8 3 , 1 9 8 4 ; Reed & S t e w a r t , 1 9 8 5 > . A few 
i s o l a t e s from either f r e s h w a t e r or n o n - m a r i n e saline 
e n v i r o n m e n t s have d i s p l a y e d g r e a t e r salt t o l e r a n c e , 
p r o d u c i n g good g r o w t h at either 1501 or 200:c seawater 
( S c h i e w e r , 1 9 7 4 ; M a c k a y et a 1, 1983 , 1984 ; Reed & S t e w a r t , 
1 9 8 5 , l\arr et a l , 1 9 8 5 a ) . Two c r y p t o e n d o l i t h s (one isolated 
from s a n d s t o n e rock in the N e g e v d e s e r t , the other from 
i n t e r t i d a l l i m e s t o n e rock in the Gulf of E l a t , Israeli 
w o u l d grow slowly at low w a t e r p o t e n t i a l s ('^-6MPa, e q u i v a l e n t 
to about 2507o s e a w a t e r ) i Potts et al , 1 983 ) . 
.''lost marine i s o l a t e s s h o w d g r CM t CM' salt L o 1 lm' a n c 
than most f r e s h w a t e r isolaUvs and had upper silt Lolcrince 
limits for growth of (>()-11 0 g.l ' Nari i ê c] u i \ i 1 e n I to 
1 5 0 ^ to 2 5 0 7 o seawater) (Mackay et a l , 1 9 8 3 , 1 9 8 4 ) or 2007o 
to 2 5 0 ^ seawater (Stam & H o i l e m a n , 1 9 7 5 , 1 9 7 9 ; Reed & Stewart, 
1 9 8 5 ) . 
S u r v i v a l at higher salinities has been reported by 
Stam & Holleman,1975 , 1979 ) . 'Seawater ' stra ins recovered 
from 400^ seawater while freshwater only recovered from lOO/o 
s e a w a t e r . No growth was shown by these strains at these 
s a l i n i t i e s . 
Marine isolates displayed less m o r p h o l o g i c a l variability 
than freshwater strains and showed increased growth rates 
at elevated salinity (10 to 30 NaCl) (Van Baalen,1962; 
Batterton & Van B a a l e n , 1 9 7 1 , Stam & Holleman,1975,1979; 
Borowitzka et al,1980 ) . 
Fogg (1973) noted that cyanobacteria isolated from 
inshore habitats (by Van Baalen [1962]), needed an NaCl 
concentration approaching that of n o r m a l seawater for o p t i m a l 
g r o w t h , contrasted with the tolerance to variations in 
salinitv noted for intertidal cyanobacteria and suggested the 
existence of ecologically selected strains. 
Ixaterbury & Stanier (1981) noted that cyanobacteria 
isolated in culture did ncU ^row at salinities greater than 
2M N'aCl, that there was a dramatic difference between the 
optimum salinities of strains isolated from saline environments 
and that verv 1 i111e phvsiologicaI work had been done on 
hypersaline c y a n o b a c t e r i a . 
Desikachary (1959), in describing the flora of India, 
states (P 48-49): 
"...the flora of the inland saline lakes and estuarine 
salt lakes and salt pans are somewhat different 
from that of the truly marine habits...The majority 
of forms which inhabit the saline situation [non-marine] 
do not tolerate or live at very high salt content, 
the maximum number being recorded below 2 molar 
salt content and only a few above 3.6 molar salt 
content. Only a handful of species exist at the 
latter concentration to be called truly halophi1ic..." 
Hof & Fremy (1933) examined the occurrence of cyanobacteria 
at very high salinities, culllu'-ecl strains from various 
samples of salt and brine from many countries around 
the world, and were able to distinguish halophilic from 
non-halophilic forms: 
"truly halophilic forms are considered those able 
to develope in solutions more concentrated than 
3M NaCl (+17 . 557o ) NaCl . " 
Later authors moved away from any quantitation of the 
NaCl level and introduced new conccpts. Brock (1976) 
defined halophilic as meaning 
"requiring the presence of large amounts of NaCl 
for growth". 
Yopp et al. (1978v') describe ha I oj)h 1 i sm as 
"the capabillLv to grow ojUimallv in an cnvircuimenL 
considerably more saline than seawater." 
and extreme halophilism as 
"the capability to grow in saturated brine." 
The concepts involved are 
1. A minimum requirement for NaCl to support growth, 
2. Optimal growth in solutions more saline than seawater, 
and 3. The ability to grow in saturated NaCl. 
Brown (1976) listed the approximate salt relations of 
a number of microorganisms variously termed as non-halophi1ic, 
moderately halophilic, halophilic and extremely halophilic. 
In Table 3. I have used the data he presented and the 
proposal put forward by Hof & Fré my (1933) to define those 
terms according to salinity tolerance and the NaCl optimum 
for growth. This provides some quantification for the 
various terms used in the literature. 
Moderate halophiles can be distinguished by their salt 
optima for growth (near IM NaCl) and by their extended 
salinity tolerance (to about 4M NaCl). The characteristics 
of strains of cyanobacter la reported to be halophilic or 
extremely halotolerant are presented in Table 4. Most of 
the strains have characteristics which group them with the 
moderately halophilic bacteria. The strain of Brock (1976) 
2 + 2 + + 
was the only one tested with low levels of Mg , Ca and K, 
It is possible that this influenced the way the strain 
responded to the level oi NaCl in the medium. 
^ / 
T a b l e 3 . De s c r i p t i o n o f v a r i ou s h a 1 o p h i 1 e t e rms 
NaCl O p t i m u m NaCl T o l e r a n c e 
(M) m i n ( M ) m a x ( M ) 
M o d e r a t e h a l o p h i l e 1 . 0 0 . 2 3 . 0 - 4 . 0 
H a l o p h i l e 1 . 7 - 3 . 8 1 . 5 - 2 . 0 5 - s a t u r a t e d 
E x t r e m e h a l o p h i l e s 3 . 4 - 5 . 1 2 . 0 - 2 . 9 s a t u r a t e d 
D a t a f r o m B r o w n ( 1 9 7 6 ) a n d Hof & F r e m y ( 1 9 3 3 ) . 
T a b l e 4 . R e p o r t e d g r o w t h c h a r a c t e r i s t i c s of m o d e r a t e l y h a l o p h i l i c 
c y a n o b a c t e r i a . 
S t r a i n of: 
Hof & F r e m y (1933) 
2 + 
G r o w t h O p t i m u m G r o w t h R a n g e Mg in test 
N a C l (M) N a C L (M) m e d i u m 
ND 
min . m a x . (mM) 
ND 2 . 4 - 3 . 4 50 
K a o et a l ( 1 9 7 3 ) 1 . 3 - 2 . 2 <0.5 4 seawa t e r ( 3 5 
B r o c k (1976) 2.7 0 . 6 - 1 . 2 5.1 0.4 
Y o p p et a l ( 1 9 7 8 c ) i - 2 >0.5 s a t u r a t e d 93 
M o h a m m a d et a l ( 1 9 8 3 ) ^ 6 0 ^ „ S 157ooS 3007o,S v a r i a b l e 
M a c k a v et a l ( 1 9 8 ^ 1 - 1 . 7 0.2 >2.5 50 
S a l i n i t y was a d j u s t e d by a d d i n g i n c r e a s i n g a m o u n t s of 
c o m m e r c i a l l y a v a i l a b l e s e a w a t e r s a l t s . T h e r e f o r e ?oS m e a n s 
g.l ^ s e a w a t e r s a l t s . G r o w t h o p t i m u m t h e r e f o r e o c c u r s at 
about 1>] N a C l , w h i l e the range of s a l i n i t y t o l e r a t e d for 
g r o w t h e x t e n d s from about 0 . 2 5 M to about 5M N a C l . It 
s h o u l d be noted that c o n c e n t r a t i o n s of ions other than Na 
and CI arc varied w h e n s e a w a t e r s a l t s are a d d e d . 
More r e c e n t l y , two s t u d i e s e x a m i n e d the m a x i m u m 
s a l i n i t y t o l e r a n c e of s e v e r a l s t r a i n s of c y a n o b a c t e r i a 
i s o l a t e d from h y p e r s a l i n e e n v i r o n m e n t s . Most of these 
s t r a i n s had u p p e r salt t o l e r a n c e limits for g r o w t h of 
130 to >150 g . l " ^ NaCl (Mackay et a l , 1 9 8 3 , 1984) or 3007o 
to 4007o seawater (Reed et a l , 1984b ) . One strain isolated 
from a salt m a r s h grew only p o o r l y at 1507 s e a w a t e r and 
c o u l d not grow at 2007 s e a w a t e r (Warr et a l , 1 9 8 4 b ) . 
With the g e n e r a l trend s h o w i n g i n c r e a s e d s a l i n i t y 
t o l e r a n c e among s t r a i n s found in e n v i r o n e m e n t s ot higher 
s a l i n i t y , G o l u b i c (1980) i n t r o d u c e d the c o n c e p t of s p e c i a t i o n 
a l o n g the s a l i n i t y g r a d i e n t , d e s c r i b i n g g r o u p s are o l i g o - , 
meso- or p o l y - h a l i n e a c c o r d i n g to salt o p t i m u m for g r o w t h , 
and as steno- or eury-hali. ne a c c o r d i n g to the ^ange of their 
salt t o l e r a n c e (minimum to m a x i m u m ) . 
There is, h o w e v e r , d i f f i c u l t y in d i s t i n g u i s h i n g between 
v a r i o u s m o d e r a t e l y h a l o p h i l i c f o r m s : 
" . . . h a l o p h i 1 i c forms show a large amount of v a r i a t i o n 
in cell shape and s t r u c t u r e in d i f f e r e n t molar s o l u t i o n s . 
( D e s i k a c h a r y , 1 9 5 9 ) . 
and 
"It s e e m s , t h e r e f o r e , in this case just as a r b i t r a r y to 
bring Lh'j fornis lo ony ¡'ciuis (whether l)/.en i a , Aph:i no thece 
or A p h a n o c a p s a ) as to give d i f f e r e n t names lo line 
c o l o n i e s o b s e r v e d . " (Hoi K r eni v , 1 'i 3 ' . 
M o h a m m a d et a 1( 1983) noted that cme m o d e r a t e h a l o p h i l e 
changed the number of planes of division according to the 
saiinity in which it was grown. Thus there was some 
uncertainty as to whether this strain was a member of the 
genus Synechocystis (binary fission in two planes) or 
Synechococcus (binary fission in one plane). 
Fogg et al . (1973 ) have concluded that it is difficult to 
draw satisfactory taxonomic distinctions (based mainly on 
morphology) even between freshwater and marine species. To 
some extent this is due to the principles of the Botanical 
Code of Nomenclature in current use in taxonomy. 
1.7 Taxonomy. 
The record of cyanobacteria in saline situations was 
initially provided by botanists interested in the ecology and 
classification of algae, using a taxonomy almost exclusivel\' 
based on morphology and developmental characteristics of field 
material to distinguish various Orders, Families and Genera. 
Many classifications have been made, some including 12 Orders 
with 47 families iElekin,1936), others with no Orders and onlv 
8 Families (Drouet,1951). 
Indeed, Rippka & Cohen-Bazire (1983) state 
"The morphological simplicity of the prokaryotes (cyano-
bacteria) makes identification on the basis of structural 
properties alone difficult, if not impossible." 
This has resulted in many situations where a single strain 
has been identified as different species in different 
genera. For example, Stanier et al.(1971) note that 
Synechococcus6301 UJas variously identified as Anacystis 
nidulans, Phormidium mucicola and Lauterbornia sp. It has 
also been identified as Schizothrix calcicola (cited 
by Stam & HoIIeman,1975,1979). 
Conversley, strains received under different generic 
and species names may be the one species. For example 
strains listed in Table 5. were identified as morphologically 
identical (Stam & Hoileman,1975) and shown to belong 
to the same species by DNA-DNA hybridization (Stam & 
Venema,1977; Stam, 1980). 
When working with cultures, the major problem becomes 
the assigment of physiological data to a particular genus 
or species. There are currently arguments as to hov; 
(or whether) this can be achieved within either the Botanical 
Code of Nomenclature or the Code of Nomenclature of Bacteria 
(Friedman & Borowitzka,1982). 
Currently under the botanical system, information 
gained from cultures can in no way add to or alter the 
type description, since cultures are not considered valid 
type materials. Because cultures cannot be unambiguously 
identified, information gained from culture studies cannot 
be used to verify or modify any taxonomic system- Culture 
studies are useful in revealing the distribution of cyano-
bacteria where their presence is not obvious to the naked 
eye (Fogg,1973). 
-il 
Table 5. An example of complex nomenclature among one 
A cyanobacteriai species 
UTEX^strain Name attatched to the strain by UTExf 
426 Phormidium luridum var. olivacea Boresch 
482 Plectonema not atum Schmidle 
487 Lyngbya sp. 
594 Plectonema boryanum Gomont 
598 Plectonema calothrichoides Gomont 
427 Phormidium foveoiarum Gomont 
§ UTEX: The Culture Collection of Algae at the University 
of Texas, Austin, Texas, 78712, U.S.A. 
All strains could be identified as either 
Schizothrix calcicola (Agard) Gomont 
using Drouet(1968) or as 
Phormidium cf. foveoiarum Gomont 
using Geitler(1932 ) , and ^^re identified as belonging 
to one species using phenotypic data(Stam & Holleman,1975, 
1979) and DNA/DNA hybridization (Stam & Venema,1977). 
Consequently, some of those who feel that living 
type materials are essential for taxonomy, have redefined 
certain cyanobacterial genera in such a way that clear-
cut generic assignments can be made for cultures (Rippka 
et al,1979; Rippka & Cohen-Bazire,1983). 
The information from culture studies allows a physiological 
description, including salinity requirements and tolerances, 
to aid in the description of a species under the Code 
of Nomenclature of Bacteria (see Table 6.). Stanier 
and coworkers have considered minimum ionic requirements 
for growth important in distinguishing marine cyanobacteria 
(Rippka et al,1979), while two of the most respected botanical 
works on cyanobacterial taxonomy (Geitler,1932; Desikachary. 
1959)had already used a combination of morphology and 
salinity of habitat to distinguish species within their 
genera. 
Salinity of habitat is featured prominently in the 
diagnostic keys of Geitler(1932) and Desikachary(1959). 
In fact a surprising number of species are distinguished 
in this way: 537 of 1307 species bv Geitler and 91 of 
476 species by Desikachary. Appendix.'^-', shows the manner 
in which the species were distinguished for the genera 
Calothrix, Dermoca rpa, Gloeocaps a, IHeurocapsa , Scytonema , 
and Svnechococcus from C-e i 11 e r ( 1 32 ) and Xenococcus 
from Desikachary i 1^)59). Kremcr i 1 ) has even suggested 
Lhal ^^^ occurrencc and d i s I r 1 bLi L 1 on oT pho t - a s s i m i I a t e s 
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Table 6. Minimum list of data for description of a 
new species (Code of Nomenclature of Bacteria). 
Required Required if appl icable 
Cell morplu i logy Cell shape" 
Cell size (diameter. length) 
Moti l i ty 
Visible internal or external structures" 
Formation of typical cellular aggregates' 
Occurrence of cell differentiat ion" 
Ultrastructure (genera)'' 
Co lon ia l morphol-
ogy 




Appearance of cell suspensions 
Appearance of colonies 
Gram stain 
D N A base ratio 
Reserve materials 
Temperature range 
Opt ima l temperature 
pH range 
pH op t imum 
Modes o f energy metabol ism (phototrophy, 
chemotrophy. l ithotrophy, organotrophy) 
Relation to oxygen 
List o f electron acceptors 
List o f carbon sources 
List o f nitrogen sources 
List o f sulfur sources 
Natural habitat(s) 
Color 
Flagel lat ion" 
Spores" , appendages" , capsules" , sheaths" 
Life cyc le" , heterocysts". ho rmogon ia " 
Ultrastructure (flagella, envelope, cell wall) ' ' 
Co lor o f suspensions 
Color o f colonies 
Moti l i ty o f colonies 
Formation o f fruiting bodies" 
Formation of mycel ia" 
Acid-fast stain, sptire stain, flagella stain 
Nucleic acid homologies 
Cel lular pigments 
Cell wall constituents 
Typical enzymes 
Salinity or osmolarity requirements 
V i tamin requirements 
Typical metabolic products formed (acids, pig-
ments. antibiotics, toxins, antigens) 
Tolerances 





"To be demonstrated by photograph 
''To l->e demonstrated by electron micrograph. 
b rom Trüper & Kramer (1981). 
in algae (including cyanobacteria ) are in general character-
istic for different algal Classes, and in some cases 
Orders or Genera. 
So it is clear that salinity is seen to play an 
important role in speciation/taxonomy by both botanists 
and Bacteriologists working with Cyanobacteria. There 
remains some confusion as to how the idea can best be 
implemented. 
1.8 Synthesis of organic solutes. 
Salinity has also been shown to have an effect on 
both photosynthesis and respiration in one freshwater 
cyanobacterium. Although a period of adaptation of photo-
synthesis and respiration followed both hypo- and hyper-
osmotic shock, cells adapted to 0.4M NaCl showed half 
the photosynthetic oxygen evolution and twice the respiration 
rate of cells adapted to zero NaCl (Vonshak & Richmond,1981'. 
Microcys tis shows reduced photosynthetic activity on salt shock 
(Schiewer et al,1978). Photosynthesis or storage carbohydrhces 
may provide the carbon for synthesis of organic solutes 
accumulated to balance an osmotic stress. The availabi1itv 
of fixed carbon may the re forc depend , not only on the extent 
of hyperosmotic shock,but also on the pathway via which 
carbon is fixed as well as the rate of respiration. 
There have been reports of pathway o 1. carbon 
fixation in CvanobnLceria, wilh strong labelling ol a s parti Le 
and glutamate occuring in dim white light, in red light 
or in a nitrogen atmosphere (Dôhler,1974,1976 ) . This 
pathway is now known to be operative at all light intensities, 
but only produces a significant proportion of fixed carbon 
when total rates of carbon fixation are low , such as 
at low light intensity. Carbon fixation in ample light 
(above about 200 lux) shows label predominantly in 
3-phosphoglyceric acid and sugar phosphates, fixed predom-
inantly via the Reductive Pentose Phosphate (RPP) cycle. 
High light intensity results in high rates of fixation 
via this C-3 pathway, and under optimal conditions of 
growth, all cyanobacteria fix carbon predominantly via 
ribulose-1,5-bisphosphate (RuBP) carboxylase of the RPP 
cycle (Smith,1982,1983). 
In addition to a carboxylase function, RuBP carboxylase 
possesses an oxygenase function, which converts ribulose-
1,5-bisphosphate to 3-phosphoglyceric acid and phospho-
glycollate in the light. The phosphoglycollate is then 
hydrolysed to glvcollate, which may be excreted or metabolised 
producing CO2• This consumption of oxygen in the light 
including the subsequent formation of CO^^ is termed 
photorespiration and is controlled principally by the 
competition between CO^ and O2 for RuBP carboxylase/ 
oxygenase. High O2 relative to CO2 concentrations, high 
temperature, high pH and high light intensity all favour 
the formation of glycollate ( To Ibert,1979) . Thus the 
ratio of carboxylase to oxygenase function helps to determine 
both the rate and the route of carbon flow after carbon 
fixation. 
Two p h y c o e r y t h r i n - c o n t a i n i n g m a r i n e s t r a i n s of 
S y n e c h o c Q c c u s , r e p o r t e d as h a v i n g w i d e s p r e a d o c e a n i c d i s t r i b u t i o n 
( W a t e r b u r y et a l , 1 9 7 9 , J o h n s o n & S i e b u r t h , 1979) were shown to 
have g r e a t e r p o t e n t i a l for p h o t o r e s p i r a t i o n than other m a r i n e 
a l g a e s t u d i e d (Glover & M o r r i s , 1 9 8 1 ) . A h i g h (lOOZ) o x y g e n 
l e v e l i n c r e a s e d the p e r c e n t a g e of ^^C i n c o r p o r a t e d into 
p h o s p h o g l y c o l l a t e and g l y c o l l a t e and i n h i b i t e d p h o t o s y n t h e t i c 
C O ^ a s s i m i l a t i o n , w i t h i n c r e a s i n g i n h i b i t i o n b e i n g seen 
w i t h i n c r e a s i n g light i n t e n s i t y . In these two m a r i n e 
S y n e c h o c o c c u s s t r a i n s h i g h O2 levels also i n h i b i t e d photo-
s y n t h e t i c ^ v o l u t i o n , t h e i n h i b i t i o n being c o m p l e t e at 
^ 0 . 5 mM b i c a r b o n a t e , but r e l i e v e d w i t h i n c r e a s i n g b i c a r b o n a t e 
c o n c e n t r a t i o n . 
R e g a r d l e s s of p h o t o r e s p i r a t i o n , p l a n t s and m i c r o a l g a e 
have the a b i l i t v to d i s c r i m i n a t e between 
12 13 ~ 13 
C and C , r e s u l t i n g in a lower p r o p o r t i o n ot C in 
the p l a n t / a l g a than in the c a r b o n s o u r c e . Such d i s c r i m i n a tier, 
is i m p o r t a n t when e m p l o y i n g an a s s a y m e t h o d w h i c h m e a s u r e s 
13 13 
o n l y C and not total c a r b o n , such as C n u c l e a r m a g n e t i c 
r e s o n a n c e s p e c t r o s c o p y . This i s o t o p e d i s c r i m i n a t i o n 
or f r a c t i o n a t i o n v a r i e s w i t h the level of a v a i l a b l e carbon 
and o c c u r s at two [joints;at the a v a i l a b i l i t y of carbon 
due to d i f f u s i o n and the c a r b o x y 1 ation r e a c t i o n of photo-
s y n t h e s i s . At h i g h CO2 p a r t i a l p r e s s u r e s the d i s c r i m i n a t i o n 
b e t w e e n i s o t o p e s r e f l e c t s the d i f f e r e n c e in r e a c t i o n rates 
12 13 
ot the two isotopic m o l e c u l e s ( CO^ or CU.^ ) in the 
ca r box V1 a t ion r e a c t i o n , at low CO.^ partial p r e s s u r e s 
d i s c r i m i n a t i o n i n v o l v e s the d i f f u s i o n a l r e s i s t a n c e of the 
zi-
two molecular species and the reaction rates of the 
carboxylation reaction. Because Liquid diffusion is 10 
times slower than gaseous diffusion, discrimination against 
13 
C is small in aquatic plants and microalgae. For plants 
with high levels of carbon availability fractionation 
for the carboxylation reaction is about -llto for C-3 
plants, assuming no photorespiration takes place (Vogel,1980) 
Simple respiration of prelabelled carbohydrate storage 
products has been demonstrated in a range of cyanobacteria. 
The CO2 produced is not released but is immediately refixed 
in the light (Scherer & B5ger,1979). This could then 
be a means of intracellular carbon appearing in photo-
synthetic pathways. 
Cyanobacteria may also be able to regulate the use 
of storage carbohydrate in the dark to provide carbon 
for the synthesis of organic osmoregulatory solutes. 
14 
During carbon fixation with CO2 in cyanobacteria, 
most of the assimilated carbon is incorporated into 
a glucose polvmer which resembles glycogen, and which 
is the major intracellular reserve of oxidisable substrate. 
Incubation aerobically in the dark results in a gradual 
decrease in glycogen content (Lehmann & W^ber,1978). 
Transfer to dark also results in an immediate,but transient 
(1-2 minute ),decrease in the ATP level ( Ihlendfcl dt & Gibson, 
l̂ul line aux e^ Within 15 minutes the intra-
cellular concentration of ATP is restored to that of 
illuminated cells, although the rate of ATP synthesis 
is only 10 to 20/^ of that supported by [)hotophosphory la t ion 
(Bottom ley & Stewart, 1 976 ) . 
On transfer of cells to the dark, Levels of Ribulose-
1, 5-bisphosphate decrease, while levels of fruetose-1,6-
bisphosphate and 6-phosphogluconate increase dramaticalLy. 
At the same time the extent of label in gIucose-6-phosphate 
decreases, although the pool size does not change. The 
rapid loss of photosyntheticaUj-fixed label in sugar 
monophosphates, including glucose-6-phosphate, indicates 
a relatively rapid turnover of these compounds. Turnover 
of glycolytic intermediates is much slower. This and 
other data indicate the complete catabolism of endogenous 
carbohydrate in the dark via the oxidative pentose phosphate 
cycle (Smith,1982,1983). 
1.9 As say of organic solutes. 
13 13 „ In earlier work C nuclear magnetic resonance ( C Hi.ir i 
spectroscopy had been used to gain information about 
all classes of free organic solutes present (in live 
cells and extracts) in significant concentrations ( a b o v e about 
30 mMolal) Borowitzka et al. ( 1980 ) . The lowest concentration a 
which solutes can be detected is determined by the presence 
of other material in the sample, the type of sample 
(whole cell or extract), the accumulation conditions 
and the power of the spectrometer. The advantages of 
this assay method are that the technique is non-invasive 
and provides information about all classes of free organic 
solutes in a single assav. Hence, the onlv potential 
osmoregulatory solutes not detected are inorganic ions, 
which were not the direct ct^ncern of this study. Since 
1 o 
C nmr spectroscopy is a new technique in the study 
of osmoregulation a general explanation oL some ot the 
principles is presented in Appendix^/, (see Morrison & 
Boyd,1973; Knowles et al,1976; Norton,1980; Norton et al, 
1982 ) . 
In summary: 
1. Each resonance peak indicates a particular type of 
13 
C nucleus present in the sample. 
2. The positions of the resonances(caIled chemical shifts) 
reveal the functional group to which a resonance belongs. 
3. Under the spectral accumulation conditions used throughout 
this study, peak heights/areas represent relative ratios 
of the number of absorbing nuclei for each resonance. 
4. Peak multiplicity (splitting of one peak into several 
smaller peaks) indicates the number of neighbouring 
nuclei with magnetic moments. In general, a set of 
N adjacent nuclei will split an nmr resonance into 
N+1 peaks. 
5. The term natural abundance describes the fact that 
13 C is approximately \1 of naturally occurring carbon, 
and that cyanobacteria were not grown with a carbon 
1 3 
source enriched with C. So natural abundance nmr 
spectroscopy reveals only the major organic components 
present in an sample and resonances are seen as single 
peaks. 
6. When c va nc^ba c t o r i a arc ^rown with a carbon source 
enriched with more isomers with adjacent ^^C atoms 
occur, causing single peaks to become multiple peaks. 
Analvsls of the multiple peaks can be used to estimate the 
abundance of ^^C in the organic compounds in the sample. 
2. MATERIALS AND METHODS 
2 . 1 Strain sources. 
AIL strains used in this study are listed in Table 7. 
which contains additional information on the method of 
acquisition of the strains, environmental source of the 
strains and date of isolation, where known. About two-thirds 
of the strains are held in the Pasteur Culture Collection, 
Paris, and were either acquired directly from Rosemarie 
Rippka (with the assistance of Lesley Borowitzka) or 
through Stephen Delaney and Bonnie Reichelt at the University 
of New South Wales. Most of the remaining strains were 
isolated and purified by me, as noted in the strain histories. 
Figure 2. denotes the geographical location of all 
Australian isolates. Apart from LPP N112, which was 
the dominant component of an algal mat, Australian strains 
were isolated using standard enrichment techniques with 
marine media, with or without added N'aCl. 
Many hypersaline strains were isolated from Hütt 
Lagoon, which is a coastal salt lake of approximate dimensions 
2 km by 12 km formed by silting of the mouth of the Hütt 
River, with subsequent diversion of water flow. The coastal 
side of the lagoon is separated from the Indian Ocean 
by about ^ km of sand dunes. Hypersallne strains from 
Hütt Lagoon were enriched from samj^les of either artiticial 
ponds with different total salinitv i small children's 
wading pools of a pp r ox i m a I e 1 v Im bv 1 ni bv O.l'^m), artificial 
pools on the coastal side ol the 1agoon made bv digging 
holes in the salt lake fUx^r (IP), or from coastal pools 
HI 








Source & Date of Isolation 
pond water, Cambridge, England, 1939. 
unknown. 
soil sample, Borneo, 1950. 
mangrove pneumatophore, supralittoral 
zone, Hinchinbrook Island, Queensland, 
Australia, 1977. 
flattened thallus on rock, intertidal 
zone, Banyuls-sur-Mer, France, 197A. 




Chlorogloeopsis N1l6 soil sample, Allahabad, India, 1950 
Dermocarpa Nl'̂ 2 mangrove pneumatophore, supralittoral 
zone, Hinchinbrook Island, Queensland, 
Australia, 1977. 
PCC 7122 —>ACMM 
PCC 7601 — • UNSW ACMM 
=UTEX 481^ 
PCC 7101 ->UNSW-^ACMM 
L.J.Borowitzka —> ACMM 
r̂ CC 7^26 —> ACMM 
PCC 6605 ->UNSW->ACMM 
PCC 6912 —>• ACMM 
L.J.Borowitzka — > ACMM 
Gloeocapsa N107 
Gloeothece N101 
trench water sample from inland side of 
coastal salt lake, Hütt Lagoon, Western 
Australia, Australia, 1979. 
unknown. 
M.A.Mackay —> ACMM 
UTEX 1938 —>ACMM 
Lyngbya-Phormidium-
Plectonema groups : 
group A 
LPP Nil2 dominant component of algal mat in 
mangrove area, supralittoral zone, 
Hinchinbrook Island, Queensland, 
Australia, 1977. 
M.A.Mackay — A C M M 
group B 
LPP N109 
LPP Nil 3 
unknown 
plankton, Woods Hole region, 
Massachusetts, U.S.A., 1958. 
UTEX 15^2 — > ACMM 
=PCC 6306® 
PCC 7375 — > ACMM 
LPP N182 
LPP 372 
rock scraping, intertidal zone. Long Reef, M.A.Mackay—>ACMM 
Sydney, New South Wales, Australia, 1978. 
sample at 45°C and pH 8.7, Hunter's Hot R.W.Castenholtz strain OH-1-









Source & Date of Isólation 
snail shell, intertidal zone, Arizona 
Maring Station, Puerto Peñasco, 
Mexico, 1971. 
Strain History 
PCC 7312 —>ACMM 
Crystal Cave (limestone), Bermuda,1971. PCC 7110 — > ACMM 
inland salt lake (usually dry), Lake Eyre, M.A.Mackay—> ACMM 
South Australia, Australia, 1981. 
rock scraping, intertidal zone, 
Queenscliff, Sydney, New South Wales, 
Australia, 1976. 
K.Harada — ^ ACMM 
freshwater, Texas, U.S.A., 1952. PCC 6301 — > UNSW—>ACMM 
alkaline pond, Chad, 1963. ^ . „ ^ PCC 7202 ACMM 
thin black algal crust on ^ m p sand, M.A.Mackay — ^ ACMM 
coastal area, Exraouth, "W«^tern Australia, 
Australia, 1979. 






^f^riU C^'ppbL i UTEX 15^8 — > ACMM 
lake water, Wisconsin, U.S.A., 19^9. =PCC 6307® 
Synechococcus 352 
Synechococcus 353 
L. J.Borowitzka — A C M M 
M.A.Mackay ACMM 
PCC 7002 — > ACMM 
M.A.Mackay — > ACMM 
thick algal Jelly, coastal salt-works, 
Bajool, Queensland, Australia, 1979. 
water sample from coastal side of salt 
lake, Hütt Lagoon, Western Australia, 
Australia, 1979. 
mud sample from 'fish pens', Mayaguez 
Island, Puerto Rico, 1961. 
sample from open pond culture made to 
250 gl~^ total salts using evaporated 
lake salt and bore water, Hütt Lagoon, 
Western Australia, Australia, 1980. 
sample from open pond culture made to 
125 gl"'' total salts using evaporated 
lake salt and bore water, Hütt Lagoon, 
Western Australia, Australia, 1980. 
sample from artificial pool IP-1 (hole in M.A.MackayACMM 
salt lake floor) of varying salinity due 
to seawater seepage, evaporative 
concentration and some tidal flushing, 
Hütt Lagoon, Western Australia, 
Australia, 1980. 





Source & Date of Isolation Strain History 
sediment sample from artificial pool IP-5 M.A.Mackay >ACMM 
(ho],e in salt lalce floor) with varying 
salinity due to seawater seepage, 
evaporative concentration and some tidal 
flushing, Hütt Lagoon, Western Australia, 
Australia, 1980. 
sediment sample in seawater seepage zone M.A.Mackay—> ACMM 
CW-3, coastal side salt lake, Hütt 
Lagoon, Western Australia, 
Australia, 1981. 
inland salt lake (usually dry). Lake 








coastal brine pond of varying salinity PCC 7418—> ACMM 
due to seawater seepage and evaporative 
concentration (¿tl .5 to 170 gl"^ total 
dissolved solids), Solar Lake, Israel. 1972. 
. Cetf -i-OiKoi" 
freshwater, California, U.S.A., 1967. 
lake water, Wisconsin, U.S.A., 19^9. 
freshwater, California, U.S.A., 1957 
hypersaline lake. Saltón Sea, 
California, U.S.A., 1969. 
sample of alkaline pond (pH 9.80, 
refractive index 1.3358) used for growing 
Spirulina spp. in California, U.S.A., 
enriched using BG-11 medium at pH 9.0 
with 15 NaCl at 35°C, 1982. 
PCC 6701 — > UNSW — > ACMM 
PCC 6308 —>ACMM 
PCC 6714 ACMM 
PCC 6906 — > ACMM 
M.A.Mackay — > ACMM 
Footnotes 
* Abbreviations: ACMM Australian Collection of Marine Microorganisms, Sir George Fisher 
centre for Tropical Marine Studies, James Cook University, 
Townsville, Queensland, 4811, Australia. 
PCC Pasteur Culture Collection, Institut Pasteur, 28 Rue du Docteur 
Roux, Paris, 75015, France. 
UNSW Collection of Algae held until 1984 by S.F.Delaney and B.Y.Reichelt 
at the School of Botany, University of New South Wales, P.O. Box 1 
Kensington, New South Wales, 2033, Australia. 
UTEX Culture Collection of Algae at the University of Texas, Austin, 
Texas, 78712, U.S.A. 
e These strains are believed to be the same as those PCC strains mentioned 
Strains are categorised according to Rippka et al(1979) , 
Mention is made of the reclassification of Rippka & Cohen-Bazire, 
(1983). 
n 
Figure I . Geographical location of Australian isolates 
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situated in a seawater seepage zone (CW) constantly flushed 
with seawater which percolates through coastal sand dunes. 
2.2. Salinity tolerance. 
In order to determine the maximum salinity tolerated 
for growth in liquid media, several ionic compositions 
and lighting conditions were used for each strain. 
2.2.1 Medium composition. 
Three different media types were used to test the 
salinity tolerance range of strains: a freshwater medium, 
a marine medium containing some natural seawater and 
a medium with an artificial seawater base (Table 8). 
All strains were tested at 23-3°C at pH 7.50-0.03 in 
media which contained,in addition to a mineral salt base, 
the nitrogen, phosphorous, iron, EDTA and trace elements 
of BG-11 (Stanier et al,1971) plus 1.68 g NaHCO^ and 
20pg vitamin B^^ P^^ litre medium. The media only differed 
in their mineral salt base. 
One marine medium used, medium M, contained some 
natural seawater because many marine isolates grew well 
only when natural seawater was included in their medium. 
Because it was important to maintain a uniform level 
of Mg^^, Ca^^ and K^ throughout the whole salinity range 
tested, a minera 1-sa11-enriched seawater stock solution 
was made, which, after addition of the required NaCI 
and nutrients could be adjusted to a standard volume. 
H-lo 
Table S .Media used to test salinity tolerance in liquid 
Modified 







NaCl 0 to 50 5 to 150 12 to 150 







CaCl2.2H20 0.036 1.47 1.5 
NaNO^ 1.5 1.5 1.5 
EDTA 0.002 0.002 0.00 
K2HP0^.3H20 0.04 0.04 0.04 
citric acid 0.006 0.006 0.006 
ammonium 
ferric citrate 0.006 0.006 0.006 
NaHCO^ 
vitamin B^^ 
1.68 1.68 1.68 
20^g 20;ig 20>ig 
Trace metals 
(A5) § 1 ml 1 ml 1 ml 
seawater - 100 ml -




7.5 7.5 7.5 
Concentrations of the Major Ions in the media. 





Mg CI 55 50 55 
K <1 11 13 10 
Ca <1 11 7 10 
CI 6c]0 2,750 2,620 5:0 
SO4 1 3 20 29 
HCO^ 20 20 20 2 
A-5 Trace metal Solution^ 
H^BO^ 2.86g, WiCI^.^Yi^O 1.81g, ZnSO^.yH^O 0.222g, 
Na2Mo0^.2H20 0.390g, CuSO^.^H^O 0.079g, 
CoÌNO^y^.èH^O 0.0494g plus distilled water to 1 litre 
§ From Stanier et all 1971 
The mineral salt base of medium M contained: lOOmIs 
activated-charcoal-filtered seawater, 10.17g MgCI^.öH^O, 
1.47g CaCl2.2H20 and 0.75g KCl, which on dilution to 
l,000ml gave seawater (ZoBeil,1963) concentrations of 
Mg , Ca and K^ but only l/lO strength seawater NaCI. 
Some hypersaLine strains which had been isolated on artificial 
media with a salt base resembling the composition of 
seawater were tested using that mineral salt base (Table 8.). 
All strains, except the hypersaline group isolated from 
Hütt Lagoon on artificial seawater media and strains 
LPP 372, Scytonema 419 and Synechococcus 7418, were tested 
for growth in BG-11 plus 15g NaCl 1 ^ and in medium M 
plus 15g NaCl 1 ^ to determine the medium base in which 
each strain grew best. Cf those strains isolated from 
seawacer or hypersaline sources, many failed to grow in 
BG-11 with or without added NaCl and the remainder usually 
grew better in medium with a seawater base (Medium M). 
Amor^ those strains isolated from a freshwater source 
or routinely grown in freshwater media by other culture 
collections, almost all showed better growth in medium 
with a freshwater base. Except ions were Synechococcus Nlll 
and Synechocystis N106, which grew slightly better in 
medium M with 15 g NaCl 1 Cyanobacteria were then 
examined using the mineral salt base in which they grew 
best: strains NlOl-105, N115-117, N158, 372 and 419 in 
modified BG-11 medium; strains N1ÜÜ, N106-108, Nlll-114, 
N142, K157, N161, N163, N166-167, N181-182 and N2()l in 
medium M. 
Table 9. . Various solid media for determining the salt 
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Difco Bacto agar various b 
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a. Series I used 30, 60 and 90 g NaCl per litre medium; 
Series II used 90, 120 and 150 g NaCl per litre medium 
b. Series I used 10 g agar perlitre medium; 
Series II used 7 g agar per litre medium. 
All media were at pH 7. 
The hypersaline group isolated from Hütt Lagoon 
using art ificial-seawater-based media, were examined for 
their ionic preferences using media solidified with agar 
(Table 9.), at 38-41°C and 1 8 - 2 4 m E . . s " ^ (1.3-1.7 klux). 
All strains which were used for further investigation 
grew best on media with a seawater base, rather than a 
concentrated seawater base. Strains 351-353, 355, 358, 361, 
439 and 7418 were examined using the artificial seawater 
mineral salt base (hypersaline medium Table 8). 
Different salinities were tested using different 
levels of NaCl, rather than by increasing the level of 
NaCl as the culture grew. Levels were tested every 
5-10 g NaCl for strains tested in BG-11, every 10-20 g 
NaCl 1 ^ for all other strains. No strain was tested at 
more than 150-160 g NaCl 1 In order to determine the 
approximate level of NaCl required to support growth of 
marine and hypersaline isolates, strains were tested for 
their ability to grow with only low levels of NaCl in 
medium iM (0-22 g added NaCl). 
2.2.2 Light levels. 
Some red-pigmented strains are light-sensitive and 
grow best at low light intensities (Rippka et al,1979), 
so all strains were tested at several photon flux densities 
from the following ranges: 7-9, 20-22, 28-35 and 40-57 
iiL.m ^.s ^ (a range of 0.45-4.00 klux) as measured with 
a Li-Cor model 185-A Light meter with quantum and photo-
metric sensors. Rapidly growing cells were used as inocula 
- 2 - 1 
for experiments at 7-9pE.m .s ; stationary phase cells 
were used as inocula in most other experiments. 
so 
Most salinity tolerance tests in liquid media were 
performed using 24 x 150 mm test tubes (Corning 1622/20 or 
1624/20) containing 20 ml medium slowly aerated at the 
bottom of the tube via a pasteur pipette or glass tube 
inserted through a c o t t o n - w o o l s t o p p e r . 
Tubes were illuminated from the bottom through a 
plastic opal light diffuser and using only indirect light 
from two 48 inch, 40 Watt^cool white fluorescent tubes 
(Sylvania F 4 0 C W ) . Under these conditions many cultures 
grew well and results could be recorded within two to 
seven d a y s . 
2.2.3 Inocula• 
Inocula for all NaCl tolerance tests were grown in 
either modified BG-11 m e d i u m , medium M with an extra 20, 
40 or 60 g NaCl per litre or artificial seawater medium. 
Most inocula were of stationary phase c e l l s . 
2.2.4 Growth 
Since many of the strains tested do not form an even 
suspension in liquid m e d i a , rates of growth were not 
measured by monitoring optical d e n s i t y . Cultures which 
showed an increase in cell mass and colour were scored 
as g r o w i n g , while those Vv/hich lost all colour and showed cell 
decay were regarded as not g r o w i n g . 
Estimates of cell growth on solid media were made by 
examining the extent of green coverage of the plate and 
by microscopy of cells collected from the plate, using 
Wild-Leitz Labourlux 11 or Dialux microscopes. Bright 
field was used to determine cell shape and size and to 
determine the position of the thylakoids (photosynthetic 
membranes). Phase contrast was used to determine 
cytoplasmic density and the presence of gas vacuoles. 
2.3 Osmotic stress. 
Strains were osmotically stressed in three ways. 
Firstly, most strains were grown at low salt concentration, 
then the NaCl concentration increased and culture harvested 
after cells had reached equilibrium (about 2 days). 
Secondly, some strains were grown at both low and high 
salinity, so these strains had undergone many generations 
at the higher NaCl concentration. Lastly, Synechococcus N l O O 
growing in exponential phase was subjected to NaCl shock 
and samples withdrawn during the period of adaption to NaCl. 
12 13 
Because the Synechococcus NlOO experiments used C/ C 
enrichment they are discussed separately under photosynthetic 1 3 
C enrichment studies (section 2.4). Media are Listed in 
Table 10. 
2.3.1 Incubation studies. 
In most cases osmotic stress was achieved by adding 
an equal volume of fresh medium with added NaCI to a 
well established culture, maintaining the growth conditions 
in all other respects and harvesting after 2 days. 
Those isolates which I received from other culture collections 
in freshwater medium (strains NlOI-106, N109-1I1, N1I5-117, 
N 1 5 8 ) w e r e grown in u n m o d i f i e d BG-11 medium w i t h vitamin 
(Stanier et a l , 1 9 7 1 ) . Most s t r a i n s r e c e i v e d in seawfiter-based 
media (strains N 1 0 8 , N 1 1 3 , N 1 5 7 , N 1 6 6 - 1 6 7 ) were grown 
in medium F ( G u i l l a r d , 1963 ) , w i t h ammonium ferric citrate 
r e p l a c i n g Fe s e q u e s t r e n e , w i t h M g N a ^ E D T A at 30 mg 1 ^ and 
o m i t t i n g N a 2 S i 0 ^ . 9 H 2 0 (the m i n e r a l salt base is natural 
s e a w a t e r ) . S t r a i n s S y n e c h o c y s t is N106 and S y n e c h o c o c c u s Nlll 
w e r e r e c e i v e d in f r e s h w a t e r media but showed better grovv^th 
in s e a w a t e r based m e d i a , and so w e r e grown in both these 
m e d i a . S y n e c h o c o c c u s NlOO was grown in both media to 
d e t e r m i n e w h e t h e r g l u c o s y I g l y c e r o l was d e t e c t a b l e in cells 
grown in BG-11 plus 15 g NaCl 1 Strains showing good 
g r o w t h at s a l i n i t i e s higher than seawater (strains N 1 0 7 , 
N 1 1 2 , N 1 6 1 , N 1 6 3 , N181 and N 2 0 1 ) were grown in medium F 
plus 24 g NaCl 1 ^. 
All tnese strains uerc grou-n, a e r a t e d , in 20 litre 
a s p i r a t o r bottles (Corning 1 5 4 1 / 2 2 ) in an air conditioned 
room at 22-2°C. Light at the surface of the c u l t u r e vessel 
was supplied by cool w h i t e f l u o r e s c e n t tubes (14-57pE.m ~.s 
Increased light i n t e n s i t y improved g r o w t h as the culture 
d e n s i t y i n c r e a s e d . When c u l t u r e s attained a d e n s i t y of 
1-2 g wet cell w e i g h t per l i t r e , 10 litres were h a r v e s t e d 
and the resulting cell pellet frozen as low salt c e l l s . 
T e n litres of fresh medium w i t h NaCl were added to the 
r e m a i n i n g 10 litres of c u l t u r e , r e s u l t i n g in i;inal i 
in NaCl c o n c e n t r a t i o n of 15 g 1 ^ tor s t r a i n s grown in 
BG-11 with vitamin B ̂  , 24 g 1 ' fc^r strains grown in 
medium F and 20 or 60 g 1 ^ for strains grown in medium F 
plus 24 g NaCI per litre. Alter this a d d i t i o n of fresh 
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§ From Stanier et al.(1971 ) . 
1[ From Guillard ( 1963) . 
# From Castenholtz (1970). 
" Bubbled with 51! CO2 in air. 
-I 
to BG-Ii and D, A Salinity was increased by adding 15g.l 
24,44 or 84g.I ^ to Modified F. Strains in hypersaline 
medium were not salt shocked, but grown at either 60 or 90g.L 
(S Trace metal solutions for media are given in Appendix S L . 
medium and extra NaCI, cultures were incubated as before 
for 2 days in the light, harvested and the resulting 
cell peiiet frozen as high salt ceiis. 
2.3.2 Growth studies. 
In some cases strains were not osmoticaily shocked 
but were grown from small inocula at both the low and 
high salt levels. Freshwater thermophile LPP 372 (Phormidium 
laminosum strain OH-l-p of Castenholtz grown at 
45°C in medium D of Castenholtz with and without 15 g NaCl 
per litre. Synechocystis 444 was grown at 34°C in BG-11 
with 13 g NaCI per litre. Other strains (Synechococcus 
352, 353, 355, 358, 361 and ^ p j _ n a 439 were grown in 
artificial seawater media with 60 g NaCI 1 ^ and with 
90 g XaCl per litre. Synechococcus 7418 and 351 were 
grown only at 60 g NaCI per litre. These hypersaline strains 
were grown at 37-0.5°C under constant light of 1.8-2.3 klux 
in 500 ml or 1,000 ml conical flasks (Corning quickfit 
FE 500/3 o r F E l L / 3 ) with stirring. When cultures reached a 
cell density of 1 to 1.5 g wet cell weight per litre, 
they were used ^ 10^ inoculum for 5 or 10 litre cultures 
in large glass carboys. Largeculturcs were grown at 38-] 'C, 
with initial incident light of 18-20 klux which was 
increased to 30 klux as cultures became dense. When cell 
density reached about 1 g per litre another 20 ml of IM 
NaHCO^ was added per litre medium. Largo cultures were 
harvested in late ex[:)onen t ia I growth phasc^ at :i ccll 
densitv of 1.5-2 g wet cell vv/eighL î er litre. 
5-S 
In high salt media some cultures showed significant quantities 
of amino acids (Chlorogloeopsis N116) or monosaccharides 
(Calothrix N103 & N117, LPP N109, Synechococcus N102) 
and were reexamined. All were grown in BG-11 and BG-11 plus 
5 g NaCl 1 ^ medium. Additionally some cells from BG-11 
medium were incubated for 2 days at higher salt concentrations 
(LPP N109 at 15 g, Calothrix N103 at 10 and 16 g, Calothrix 
N117 at 12 and 15 p NaCl medium. 
13 2.4 Photosynthetic C enrichment studies. 
Photosynthetic labelling using an enriched source 
13 
of C was used to investigate the biosynthesis and turn 
over of organic solute/s in Synechococcus NlOO following 
an osmotic shock. 
2.4.1 Apparatus. 
Electromagnetically stirred cultures were grown 
in three IL quickfit Büchner flasks (Corning FB lL/3) 
with side arms fitted with 60 ml syringes. The flasks 
stoppered with plain Dreschel botde heads (Corning 
MF 28/3/125) from which most of the stem had been removed, 
were interconnected,outlet to inlet , by heavy-wall Silastic^ 
tubing (Dow-Corning). Carbon-dioxide-free air, generated 
by bubbling air through 5M NaOH, was slowly blown over 
the surface of the medium. To stop air leaks into the 
vessels, a positive pressure was maintained by submersing 
the gas outlet under distilled water. 
2.4.2 Medium. 
SynechocQccus NlOO was grown in low salt medium 
(approximately 0.25M NaCI) listed in Table 11. To ensure 
12 13 
administered carbon source of known C/ C ratio was 
the only source of exogenous carbon, medium was always 
freshly prepared in Millipor Super-Q water (>18MQ), which 
had been autoclaved and then degassed under vacuum at 
a temperature above 50°C before filter sterilization. 
13 Solid sodium bicarbonate of either enriched (90Z C, 
13 
Stohler Isotope Chemicals) or natural abundance (1.08^ C) 
levels of carbon-13, was added during the final stages 
of vacuum filter sterilization to give complete medium 
with 5mM NaHCO^ and pH 7.7-7.8 at 36-40°C. 
2.4.3 Growth. 
Growth was monitored by measuring absorbance at 
800 nm using a V^arian 634 spectrophotometer. To ensure 
12 13 uniform growth rates and correct C/ C ratio in cells 
for hyperosmotic shock, inocula were precycled with 
12 13 
bicarbonate of appropriate C/ C ratio. Alter at least 
5 cell doublings under cool white fluorescent light 
(Sylvania F96T12/CW/HO) at and 36-38°C, 
25 ml of inoculum were transfered to fresh medium in 
each of three IL flasks and lights increased to 60-80uE.m ^.s 
When cultures reached 0.02 to 0.05 absorbance units, 
lights were increased to 890-1 , O O O m ! ' ' . s this raised 
the temperature of the culture. In most experiments 
the temperature was held in the range 38-40'C; the range I within any experiment being -].5"C' or better. Cultures 
Table Medium for C enriched studies on Synechococcus NlOO 
Ingredient Quantity 
(s.r'} 
NaCl 14 .61 
MgCl^.eH^O 10 .0 
Glycylglycine 6 .6 
NaNO^ 1 .5 
KCI 1 .0 
MgSO^.7H2O 0 .5 
CaCl2.2H20 0 .5 
K.HPO. z 4 0 .03 
Citric acid 0 .006 
Ammonium ferric 
citrate 0 .006 
Na^CaEDTA- 0 .001 
Vitamin 20Mg 
A-5 traces 1 ml 
-EDTA is ethylene-diamine-tetra-acetic acid. 
NaHCO^ was added to 5 mM and final pH was 7.7-7.8 at 36-40'C 
w e r e g r o w n u n t i l a l l a v a i l a b l e b i c a r b o n a t e was e x h a u s t e d 
( a p p r o x i m a t e a b s o r b a n c e 0.40 at 8 0 0 n m ) . 
2.4.4 O s m o t i c s h o c k . 
To induce h y p e r o s m o t i c s h o c k , 200 m l of fresh medium 
in w h i c h the N a C l c o n c e n t r a t i o n was increased to 2.75M N a C l , 
were added to 800 m l c u l t u r e . This p r o d u c e d an increase 
of 0.5M N a C l in the m e d i u m . For dark h y p e r o s m o t i c s h o c k , 
v e s s e l s were w r a p p e d in f o i l , c o v e r e d in black plastic 
and p r e i n c u b a t e d 15 m i n u t e s p r i o r to salt shock without 
added b i c a r b o n a t e . For a l l o t h e r e x p e r i m e n t s , the 200 ml 
12 13 
h y p e r s a l i n e s o l u t i o n c o n t a i n e d 25mM NaHCO^ of k n o w n C/ C 
r a t i o . Zero time samples were always w i t h d r a w n before 
h y p e r o s m o t i c s h o c k . Samples of 1 0 0 m l from each v e s s e l 
were c o m b i n e d and c o o l e d , w i t h o u t f r e e z i n g , using liquid 
n i t r o g e n (usually taking 3-4 m i n u t e s ) . Sample times 
were r e c o r d e d when samples had been cooled to about 5"" C . 
2.5 O r g a n i c s o l u t e s . 
M e t h o d s for h a r v e s t i n g , e x t r a c t i o n and assay by 
13 
C nmr s p e c t r o s c o p y are d e s c r i b e d b e l o w . 
2 . 5 . 1 C e l l h a r v e s t i n g . 
A l l s t r a i n s , except S p i r u l i n a 4 3 9 , were h a r v e s t e d 
using an Alpha L a v a l c o n t i n u o u s flow c e n t r i f u g e o p e r a t i n g 
at about 650-750 ml.min7^ at 10,000 rpm at room temperature 
(for large volume c u l t u r e s I 5 to 20 Lj), followed by 
c e n t r i f u g a t i o n at 20,800 X g for 15 minutes at 0-4 C . 
Spirulina 439, which formed a mat on the surface of the 
medium, was harvested by pouring through 6 layers of 
gauze. Using continuous flow centrifugation for large 
volume cultures meant that,for those non-axenic cultures, 
most of the contaminating bacteria passed through the 
centrifuge head and did not form a significant proportion 
of the cell pellet. 
2.5.2 Extraction. 
The hypersaline strains Synechococcus 352-353, 355, 
358, 361 and Spirulina 439 were extracted by freezing 
(using liquid nitrogen) and thawing^twice, washing once 
with distilled water (48,000 X g, 30 min. at 0°C), and 
repeating this sequence until the supernatant was no 
longer blue (indicating no further lysis due to leakage 
of phycocyanin). The supernatant was then freeze-dried. 
All other cell pellets were extracted by disrupting 
frozen and thawed cell paste by extrusion from a French 
pressure cell (cooled on ice) operated at 100-124 MPa 
(15,000-18,000 p.s.i.). Cell debris was removed by 
centrifugation (48,000 X g, 30 min. 0-4°C) and washed 
twice with distilled water, and the supernatants freeze-
dried. 
Both these procedures ensured that almost all low 
molecular weight organic solutes were released from the 
i 3 
cell pellet (none was visible in C nmr spectra of the 
cell debris). 
(DO 
2.5.3 Assay of organic o s m o r e g u L a t o r y s o l u t e s . 
13 
Solutes were assayed using C nuclear magnetic 
resonance spectroscopy of freeze-dried celL e x t r a c t s , 
which had been redissolved in a small volume of D 2 O . 
Spectra were recorded at 15.04 MHz on a Jeol FX-60 spectrometer 
or at 25.05 MHz on a Jeol FX-lOO Q spectrometer, each 
operating in the pulsed Fourier transform mode. Spinning 
sample tubes of 10 mm outside diameter were used. At 
15.04 M H z , which was used for most of the analyses for 
identification of osmoregulatory solutes, typical spectral 
acquisition parameters were: 4,000 Hz spectral band width, 
8,192 time-domain addresses, 15^second (60°) radio-frequency 
p u l s e s , 1.6 second pulse recycle time and 1,500-100,000 
scans depending on the solute/s concentration in the 
cell extract. Noise-modulated, on-resonance proton 
decoupling was employed in all cases. 13 
For photosynthe tic C enrichment studies on 
Synechococcus KlOO spectra were recorded on a Jeol FX-lOO Q 
spectrometer. Typical spectral acquisition parameters 
were: 5,000 Hz spectral band w i d t h , 8,192 time-domain 
addresses, 16usecond ( about 60°) radio-frequency pulses, 
1.42 second pulse recycle time and 1,000-32,000 scans 
depending on the solute (glucosylglycerol) concentration 
13 
and relative abundance of C in the cell e x t r a c t . Spectra 
were processed with 1.0 Hz exponential broadening. 
Solutes were identified by comparisons oi: chemical 
shifts with Literature values for amino acids and sugars 
(Rosenthal & Fend 1er, 1976 ; Hocking & Nor ton, 1983 ) , 
0-o('-D-g lucopy r a nosji! - ( 1^2 )-g 1 yce ro 1 (Norton e (: a 1. . , 1 982 ̂  
and glycinebetainc (Nor ton,1979), each identification 
being confirmed by the addition of authentic compound. 
The novel solute L-glutamatebetaine was identified as 
described under Results. Chemical shifts are expressed 
in parts per million downfield from tetramethylsiiane 
(TMS). A trace of dioxane (at 67.8 ppm from external 
TMS) was used as an internal standard where necessary. 
These techniques are able to detect free small molecular 
weight organic solutes in the reconstituted extracts 
when present above about 30 millimolal. 
Quantification was based on the peak intensity to 
the dry weight of the cell pellet obtained by centrifugation 
of the disrupted cells. This was preferred to the use 
of supernatant dry weights, which varied widely as a 
result of changes in the levels of low molecular weight 
organic solutes, salts and water-soluble polysaccharides. 
To relate measured peak intensities (area/height) to molar 
concentrations, it is necessary either to record spectra under 
conditions where the interval between pulses is sufficient 
to ensure complete relaxation of the carbons under study, 
or to employ acquisition parameters which, while not 
necessarily permitting complete relaxation between pulses, 
have a constant effect on intensities throughout the 
series of experiments, such that relative intensities 
can be measured accurately. The spin-lattice relaxation 
times of carbons in natural abundance glucosyIglycerol 
are in the range 0.4-0.8 seconds (Norton et a 1,1982 ) , 
so to ensure complete relaxation between 90° radio-frequenc\' 
pulses a recycle time of three seconds would have to 
be used. In the experiments on Synechococcus NlOO using 
13 
enriched C^about 60° radio-frequency pulses and a recycle 
time of 1.42 seconds were used. Comparison of these 
spectra with spectra of various samples recorded using 
longer recycle times ( upto 8 seconds) showed that there 
were no significant perturbations of peak intensities. 
These comparisons also showed that glucosylglycerol was 
stable under the measurement conditions. 
13 For C enrichment studies, another factor which 
must be taken into account is the possible perturbation 
13 13 
of intensities due to C- C dipolar relaxation. All 
of the carbons of natural isotopic abundance glucosyl-
glycerol have at least one directly bonded hydrogen, 13 1 
so their relaxation is dominated by C- H dipolar interactions 
(Norton et al,1982). they therefore display complete 
nuclear Overhauser enhancements (n.0.e.values) of 2.99 
under conditions of complete proton decoupling, as employed 
13 13 
here. If C- C dipolar relaxation due to adjacent 
13 
C isotopes were signiticant, it would reduce both the 
n.O.e. and the overall relaxation time. However, Moreland 
& Carroll (1974) have shown that this mechanism can be 
ignored for carbons with directly attatched hydrogens 
even at 90^ enrichment. I 3 The interaction of directly bonded C atoms will 
however cause spin-spin splitting of resonances. Spin-
13 1 3 ' 
spin splitting was analysed lor C^ and C,̂  resonances 
of glucosylglycerol as foLiows. The doublet of the C^ 
resonance represents all isotopomers of glucosylglycerol 
13 13 
with (¿2' C^ and the proportion of the resonance seen as 
doublet represents the frequency with which is carbon-13t 
that is it represents the mole fraction of carbon-13, 13 
assuming uniform random distribution of C. Splitting 
13 ' 
of the C^ resonance of the glycerol moiety is more 
complex and is analagous to the splitting of carbon-13 
labelled glycerol analysed by Kollman et al.(1979b). 
Contributions of the isotopomers leading to the 
13 ' 
splitting of the C^ resonance were determined according 
to Kollman et al.(1979b) with the following exceptions: 
when the weight of the upfield plus downfield peaks 13 ' of the triplet of the C^ resonance was greater than the 
weight of the central peak, the contribution of the triplet 
(representing all isotopomers of glucosylglycerol with 
13 ' 13 ' 13 ' C^- C^" C^ ) was assumed to be the weight of the central 
peak plus upfield and downfield peaks. The contribution of 
the singlet (representing all isotopomers of glucosylglycerol 
12 ' 13 ' 12 ' 
with C^- C^- C^ ) would normally be seen at the same 
position (chemical shift/frequency) as the central peak 
of the triplet resonance. In the situation above there 
would be no measurable contribution from the singlet, and 
the contribution of the singlet was assumed to be nil. 
f C/L-
In fact the triplet resonance seen was a doublet 
of doublets (KoIIman et al,1979b)in w h i c h the two central 
peaks were not resolved. This does not, however, affeet 
the method of calculation, since the two unresolved 
central peaks would need to be m e a s u r e d as a single value 
10 I i O I 1 O I 
anyway, since they represent the single isotopomer 
Actual peak intensities from spectra of enriched 
13 
C studies were measured by cutting and weighing ( to 
0.01 mg) peaks of spectra recorded on paper and results 
adjusted to standardised conditions. The resonances I 
of the C^ of the glucose moiety and C^ of the glycerol 
moiety were sufficiently well resolved to permit the 
contributions of individual isotopomers to be resolved, 
as discussed above. However, the resonances of C^ to 
L. 
C:̂  of glucose overlapped one another, as did the resonances 
I I 
of C^ of glucose and C^ and C^ of the glycerol moiety. 
So only total intensities for each of the two envelopes 
could be measured. Intensities of the glycerol moiety I 
C^ multiplets were usually measured in duplicate, the 
variation between the two measurements being always less 
than 10^ and usually within 
1 3 It there is unitorm random distribution of C 
throughout glucosyIglycerol, for any level of abundance 
13 
of C we can calculate simply the proportions of difterent 
12 13 
C/ C isotopomers. Linder the s|)ectral accumulation 
conditions used here, the ratios of peak areas estimated 
from a spectrum mav be compared to the ratios expected 
(oS 
for uniform random distribution of C. When estimates 
agree within experimental error, the data are consistent 
with an assumption of uniform random distribution. If 
estimates do not agree, there cannot be uniform random 
13 distribution of C. 
As an example, we will examine the possible isomers 
I 
affecting the resonance of the Zr̂^ of the glycerol moiety 
of glucosylglycerol ( see Table 13.). Assuming abundance 
13 of C as 'x', the proportions of different isotopomers can 
be calculated (for example, ^^Cj-^^C^-^^C^ is [x ] [x][1-x]). 
13 12 Because we see only ^ (there is no resonance for C), 
these proportions may be expressed as a fraction of the 
13 ' i^esonance seen (that is divide by x ). Under the 
spectral accumulation conditions used here, isomers with 
12 ' ' C at C^ or C^ are not resolved. Consequently^ we will 
see peak types corresponding to isomers shown in Table 13. 
13 
For uniform random distribution of C throughout the glycerol 
moiety to be possible, the three solutions for 'x' from 
measured and estimated peak areas must agree within experi-
mental error. Such checks for uniform random distribution 13 ' 
were made for the C^ resonance of the glycerol moiety 
of glucosylglycerol. The estimate presented here was the 
average determined from isomers producing the doublet and 
triplet resonances. Average error was always less than 
1 - 1 3 \X C. Estimates of the abundance of C^made from both the 13 1 3 ' C^ resonance of the glucose moiety and the C^ resonance 
oL the glycerol moiety,must also agree within experimental 
I 3 
error tor uniform random distribution ot C throughout 
gLucosylglyceroI to be possible. 
Table 12 . . Resolved isotopomers of the glycerol moiety 
of glucosylglycerol: their resonance type 
and resonance area related to the abundance 
of ^^C (x7o) . 
Isotopomer of Estimated Measured 
Peak Type (glycerol moiety) Peak Area- Peak Area-




^ 2 3 
1 2 3 
PLUS 
12 
V ^^ ^3 
X 2 3 
(l-X 
2x(l-x) 
S mg paper 
D mg paper 
T mg paper 
Peak areas are presented as a traction of the total 
13 ' 
C^ resonance seen. Once peak areas are measured, 
solutions for the value of 'x' can be made. For 
uniform random distribution to be possible estimates 
must agree,vs/ithin experimental error. 
For an example of the calculations involved see Appendix'^TT-
3. RESULTS 
3.1 Minimum ionic requirements for growth. 
Figure 2. shows the range of NaCI concentrations 
tolerated for growth by the 33 strains of cyanobacteria 
tested for salt tolerance in liquid media. AIL strains 
isolated from non-saline sources and four strains isolated 
from saline sources (Synechococcus NlOO, Nili, N157, N166) 
grew in BG-11 medium without added NaCl, which contains 
about 38 mM Na^. The remaining strains in the figure, 
including those isolated from hypersaline environments, 
had their minimum ionic growth requirements inet by media 
with seawater levels of Ca^^ and K^ and 22g NaCl 
per litre. The ionic requirements of many strains were 
met by even lower levels of Na^ (6-12g NaCl; 100-200mM NaCl). 
Figure 2. does not attempt to show the level of NaCl at 
which strains grew optimally. 
3.2 Level of NaCl required for optimal growth. 
Two strains isolated from non-marine sources 
(Synechococcus Nili and Synechocystis N106) showed better 
growth in BG-11 medium with 15g.l ^ NaCl than in BG-11 without 
+ 
added salt, indicating optimal growth at a iNa concentration 
greater than that in modified BG-11 (38mM Na^). 
Two hypersaline isolates showed optimal growth at low 
NaCl concentrations (LPP N112 at ^0.3M NaCl; Gloeocapsa 
N107 at <0.4M NaCl). Other hypersaline isolates and two 
marine isolates, for comparison, were tested for their 
optimal NaCl concentrations on solid media. Results at 
30, 60, 90, 120 and 150g NaCl per litre are shown in 
Figure 2-. Salinitv toLeriiiice range of 33 strains of c va nobac te r ia . 
tested in liquid media. 
This strain was very sensitive to NaCl and failed to grow 
with 4.8 g 1 ̂ NaCI. Salinities lower than A.8 g 1 ̂  NaC] 
we r e not tested. 
b. Lower salinities not tested. 
c. No growth in BG-11 without added NaCl . Salinities lower than 
-1 2 + 2 + 22 g 1 XaCl with seawater concentrations of Mg , Ca and 
k"̂  we re not tested. 
d. Hiî her salinities not tested. 
M NaCl 
0.1 0.2 0.3 0.4 0.5 1.0 1.5 2.0 2.5 
—I 1 1 I I I I I , 
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AIL the hypersaline isolates tested showed optimal 
growth at or near 90g NaCI per litre in each series of 
tests. The two marine isolates showed optimal growth below 
30g NaCi per litre. As salinity increased from 30g to 90g 
NaCI per litre, the two marine isolates showed declining 
growth, while the hypersaline isolates showed increasing 
growth. 
These results for the hypersaline isolates were confirmed 
by microscopy of cells removed from the surface of the 
agarised medium. Cells growing vigorously at 90g NaCl 
per litre had thylakoids arranged in parallel with the cell 
surface, healthy green colour and had their smallest volume. 
As cultures became more salt stressed, thylakoids became 
disoriented until their orientation within the cell was 
not discernable, cells became yellow-green in colour, 
the cytoplasm appeared granular, cell volume increased 
and cell shape eventually became pleomorphic. 
Phase contrast microscopy revealed that cells were 
very phase dense when growing vigorously, and became less 
phase dense when stressed. This was best revealed using 
the No. 3 phase stop (usually for lOOX magnification) 
with the 40X obiective. This produced the classical vicv% 
seen in Bactcriologv (purple cells against a v̂ 'hitc backgrour.d 
and indicated that the difference between the refractive 
index the cytoplasm and suspending medium is quite 
different for bacteria and these hypersaline isolates oi 
Figure 3 . Growth of S y n e c h o c o c c u s i s o l a t e s on solid 
media at d i f f e r e n t NaCl c o n c e n t r a t i o n s . 
Media are listed in Table 9. 
• - S y n e c h o c o c c u s N161 
0 - S y n e c h o c o c c u s 361 
-f - S y n e c h o c o c c u s 351 
0 - S y n e c h o c o c c u s 352 
H y p e r s a l i n e i s o l a t e 
(b) "f - S y n e c h o c o c c u s 355 " 
O - S y n e c h o c o c c u s 353 
(c ) "i" - S y n e c h o c o c c u s NlOO M a r i n e i s o l a t e 
0 - S y n e c h o c o c c u s N166 " " 
All h y p e r s a l i n e isolates show o p t i m u m g r o w t h at the same 
s a l i n i t y , about 90g NaCl per l i t r e . 
Marine isolates show optimum g r o w t h at the same s a l i n i t y , 
_^30g NaCl per l i t r e . 
Hypersaline and marine isolates sliovv o p t i m u m ,;:-rov̂ t̂h at 
very different s a l i n i t i e s . 
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isolates 
30 60 90 120 150 
Marine isolates 
(c 
0 30 60 90 120 150 
Salinitv ot the growth medium (g-l NaCL). 
cyanobacteria (Gunther Birk, Wild Leitz, personal c o m m u n i c a t i o n ) . 
Hypersaline isolates were also tested for growth in 
2 2 ̂  
media with higher levels of Mg , Ca and K . Media were 
designed to mimic seawater concentrated to saturation with 
respect to NaCl and then diluted with normal seawater to 
produce 90, 120 or 150g NaCl per litre (Table 9,series Illj. 
All strains showed optimal growth on medium with 90g NaCl 
per litre, and at this salinity, there was usually little 
difference observable between cells grown on single strength 
seawater-based medium or concentrated-seawater-based medium. 
Although the level of NaCl for optimal growth was the 
same, preference for either medium varied between hyper-
saline isolates. All the strains reported in this thesis 
showed better growth in media based on seawater plus NaCl. 
rather than on concentrated seawater media. Unfor tuna te 1v, 
those strains which showed consistently better morphology 
in concentrated-seawater-based media were lost from the 
collection before further work could be p e r f o r m e d . I 
I 
i 
Growth of hypersaline isolates of ^ n e c h o c o c c u s : 
I 
in buffered media with 6()g or 90g N'aCl per litre liable 10' showeq 
that, for any individual strain, there was no dramatic 
difference in growth rate between these two media. In 
g e n e r a l , generation times in small flasks were 10-16 hours 
for densities up to 0.1 absorbance iniits at 800 nm. As 
absorbance i n c r e a s e d , generation limes inere.ised to 
28-30 hours (above absorbance 0.4). The increase in 
generation time with increasing absorbance was most 
obvious with strains grown in 10 litre aspirator bottles. 
Under these conditions generation times increased to 50 
hours above absorbance 0.5. 
Cell morphology of hypersaline isolates of Synechococcus 
showed some variation, but was not so much dependent on 
media as the type of culture vessel. Aspirator bottles 
produced the greatest variation in cell size within a 
single culture. Table 13. lists the range of cell dimensions 
seen (immediately prior to cell division) for the hyper-
saline isolates tested. 
All Hypersaline isolates of Synechococcus contained 
gas vacuoles and produced small quantities of an amorphous 
extracellular slime, which could be visualised by staining 
with 0.5% aqueous Alcian Blue (Gurr 74332) in 3% acetic 
acid (about pH 2.5) after fixing cells in buffered medium 
with 0.5% glutaraldehyde. Cells,but not slime, could be 
counterstained with 0.5% safranin, producing purple cells 
surrounded by a thin layer of blue slime. Two strains 
(Synechococcus 353 and 355) produced large quantities of 
this slime, which was retained as a gelatinous matrix 
about 5um thick around the cell. 
3. 3 .^laximum salinity tolerated for growth. 
Figure 2. also shows that, although there appear 
to be some minor discontinuities at 45-60g, ll()-130g 
and 135-150g NaCl per Litre medium, the 33 strains of 
















6. 1-9. Ip-ft-.x 2.0prA 
5.1-8.1ur.-,x 2.0-2.5urV, 
1. 1 -11 . lUi'AX 3 . 0- 3 . 5uir, 
Cells immediately prior to division with initiation ol: 
septum formation evident. Strains grown at 37-39^C, 
w^ith 60 or 90 g N a d per litre medium (Table 10) 
in small (0.5-1.0 litre) conical flasks as described in 
Materials and Methods. 
Since these values are immediatelv prior to cell division, 
they represent the maximum cell size seen under these 
conditions of growth. The smallest cell size would be 
approximately half this length bv the width. This makes 
Synechococcus 351 almost sĵ h e r 1 c a 1 1 m m e d 1 a t e 1 a 1 t e r cell 
division, as is Svnechococcus 353 i' > ' V L : 'J ̂' ~ c; Li r 1 : :•' 
growth. If grovv'th c<,)nditions were ctT.inged, in particul ir 
light intensity or the growth vessel, cell dimensions 
cha nged , i nc rea s i ng with increasing light intensity or \'esse 
size. 
cyanobacteria display a continuum of increasing salinity 
tolerance from <5g to >150g NaCl per litre. The most salt 
tolerant strain tested in liquid media(Synechococeus N161) 
tolerated from 12g to ^158g NaCl (0.2M to .6M NaCl) per 
litre medium. Although most strains were euryhaline, 
tolerating a wide range of salinity (low to high), at least 
one strain was stenohaline (Chamaesiphon N105), being 
unable to survive in BG-11 medium with 4.8g NaCl per litre. 
Isolates from non-saline sources (except Synechocystis N106) 
showed the most restricted salinity tolerance, being 
unable to grow with more than 45g NaCl per litre. Isolates 
from saline environments (and Synechocystis N106) would 
all grow with at least 60g NaCl per litre (Synechocystis 444, 
an isolate from a low salinity alkaline pond was not tested). 
Salinities greater than llOg NaCl per litre were only 
tolerated by strains from environments subjected to greater 
extremes of salinity than seawater; for example in the 
supra 1i11ora 1 zone and salt lakes). 
3.4 Dominant organic osmoregulatory solutes. 
All strains of cyanobacteria were examined for their 
dominant (>30mM) intracellular organic solutes using water 
extracts of cells grown or incubated at at least two 
salinities. Those solutes found at each salinity were 
quantified per gram dry weight of the pellet obtained from 
centrifugation of the disrupted cells. Becausc supernatant 
dry weight varied widely as a result of changes in the 
Levels of low molecular weight solutes, salts and water-
soluble polysaccharides, it was not used for quantification. 
When the level of a solute increased in cells at higher 
salinity, it was considered an osmoregulatory solute. 
All strains of cyanobacteria tested accumulated some 
dominant organic osmoregulatory solute/s. This ability 
was shared by strains isolated from environments of low, 
intermediate and high salinity; including soil, hot springs, 
alkaline ponds, limestone caves and freshwater to salt 
lakes. A full list of strains and their dominant organic 
osmoregulatory solutes is given in Table l̂ -- Strains are 
listed in increasing order of the maximum salinity tolerated 
for growth. Table Itf- also includes a short description of 
the source of each isolate. 
The major organic osmoregulatory solutes found were 
saccharides (sucrose, trehalose, fructose and glucose), ? 
heterside (glucosvlglycerol) and quaternary nitrogen 
compounds (glycinebetaine and g1utamatebetaine ) . Resonances 
from other solutes, particularly L-glutamate and glycogen, 
were present in many spectra, but because their level did 
not increase with increasing salinity they were not regarded 
as osmoregulatory solutes. 
Natural abundance ^ ̂ C nuclear magnetic resonance Sj^ectr-. 
were run under conditions which ensured that peak heights 
(intensities) accurateIv reflected the molar cc^ncentrations 
of all the solutes in the extracts. As 1 cnv m(,:)lecular v.eiLiht 
solutes produce sharp rc^sonance^ lines in t'ne'Sî  spc^ctra, 
the relative heights ot the resonances rellect the relatix'e 
molar concent rea tions ĉt the 1 ovv molecular weight solutes in 
Table 
All strains (except those marked II) were either grown 
at two different salinities or grown at low salinity and 
salt shocked using 15,24,44 or 84 g NaCl per l i t r e . 
Cells from the low and high salinity media were disrupted 
and extracted with w a t e r , and the cell debris removed by 
13 
centrifugation. The supernatants were assayed by C 
nmr spectroscopy, which detected all low molecular weight 
organic solutes present above about 30 m M o l a l . 
Quantification was based on the dry weight of the 
pellet obtained by centrifugation of the disrupted cells. 
This was preferred to the use of supernatant dry weights, 
which varied widely as a result of changes in the levels 
of low molecular weight organic solutes,salts and water-
soluble polysaccharides. 
Solutes were identified as being involved in osmo-
regulation when their concentration increased in cells 
which had been grown with or shocked with increased NaCl. 
As can be seen from Figure 5, usually only one or 
two solutes dominated the spectra, at high s a l i n i t y . 
The solutes presented in this table are therefore the 
major or dominant organic osmoregulatory solutes found in 
these strains of cyanobactoria. 
Keed et al. ( 1984a) have shown that glycine betaine is the 
major organic osmoregulatory solute in Synechoccus 7418-
Table V ^ . 
Ta xonom ic 
assignment tf 
7 b 
Maior organic o s m o r e g u l a t o r y solutes in c y a n o b a c t e r i a . 
Qua ternary 
Strain SaccharidesQ Heterosidefi Nitrogeno 




Chamaesiphon(I) N105 - t - - - - <4.8 Stream water 
Ana baena(IV) N115 •f - - - - - 14.3 Pond water 
Synechococcus{ 1 ) N158 + - - - - - 23.8 Lake water 
Cal o t h r i x i I V ) N103 t - - - - 24.7 Unknown 
Synechocys t is( I ) NlOA - - - - - 28. 5 Fresh water 
LPP group B (III) N109 + + - - - 28.5 Unknown 
Gloeothece( I ) NlOl -1- + - - - - 33,2 Unknown 
Synechococcus( I ) N102 + - - - - - 33.8 Fresh water 
Synechocystisi I ) NllO - - - - - 33.8 Lake water 
CalothrixiIV) N117 •f + - - - 4 2.8 Soil 
C h l o r o g l o e o p s i s i V ) N116 - f - - - - 4 5.0 Soil 
LPP group B (III) 372 - f - - h - - - ND Hot spring 
Scytonema(IV) 419 - + - h - - - ND Limestone cave 
Synechocys t is ( I) 11 444 - - - - - ND Alkaline pond 
LPP group B (III) N113 - - - i- - - 60.2 Marine plankton 
.LPP group B (III) N182 - - - - - 60.2 Intertidal 
Synechococcus(I ) Nili - - - -1- - - 70.4 Alkaline pond 
Synechocystis( I ) N167 - - - - - 70.4 Hypersaline lake 
Synechocys t i s( I ) N106 - - - i - - - 80.2 Fresh water 
Synechococcus( I) N114 - - - 1- - - 80.2 Intertidal 
Synechococcus( I) N157 - - - - h - - 80.2 Unknown 
Synechococcus( I ) NlOO - - - - f - - 92.2 Intertidal 
Synechococcus(I) N166 - - - - - 100. 1 Marine mud 
Dermoca rpa(II) N142 - - - - - 104.8 Supralittoral 
Myxosarclna (II) N108 - - - -h - 108.8 Intertidal 
Gloeocapsa X) NIO/ - -h - - - - h 130.4 Salt lake 
Calothrlx(IV) N181 t - - + - 132.1 Supra lit tora1 
Calothrlx(IV) N201 - h - h - - - -t - 132.1 Intertidal 
LPP group A (III ) N112 - -t - - - -1- 135.0 Supra 111 tor a I 
Synechococcus( I) 361 - - - - A - - i - ^ 1 5 0 © Salt lake 
Splrulina(III) 439 - - - - - ^ 1 5 0 . 7 Salt lake 
Synechococcus(I) 353 - - - - - + ^ 1 5 0 . 7 Saline pool 
Synechococcus(I ) 358 - - - - - - h ^ 1 5 0 . 7 Saline pool 
Synechococcus( I ) 355 - - - - A + ^ 1 5 0 . 7 Saline pool 
Synechococcus( I ) 352 - - - - A - ^ 1 5 0 . 7 Hypersaline pond 
Synechococcus( I ) N163 - - - - A - + ^ 1 5 7 . 6 Salt lake 
Synechococcus( I )TI 7418 - - - - - ND Hypersaline pool 
Synechococcus ( I )1l 351 - - - - - - t >2100 Hypersaline pond 
Synechococcus(I) N161 - - - - - - t ^2400 Salt-works 
If 1 have used the classification scheme of Kippka et al . ( 1979) and show generic and 
Sectional assignments of strains. Sections represent the broades' taxonomic s u b g r o u p s . 
5 ACMM- Australian Collection of Marine M i c r o o r g a n i s m s , Sir George Fisher Centre for 
I'ropical Marine S t u d i e s , James CooR U n i v e r s i t y , Queens 1 a nd , 48 11 , Aus t r a 11 a . 
0 S u c - s u c r o s e , T r e - t r e h a l o s e , G l u - g l u c o s e , F r u - f r u c t o s e , G G - g l u c o s y l g l y c e r o l , 
G l u B - L - g l u t a m a t e b e t a i n e , G l y B - g l y c i n e b e t a l n e . 
* Strains are arranged in order of increasing salinity tolerance, measured as maximum 
concentration of NaCl ( g . l ~ M permitting g r o w t h . ND-not determined; LPP 372 showed 
restricted growth with 25g NdCl per litre, Syiiechococcus 7A18 tolerates salinities 
approaching 3M NaCl (Waterbury i S t a n i e r , 1 9 8 1 ) . 
\ Strains grown at one salinity only; solutes are assu,:ied Lo be os mo r egu 1 a t o r y . 
A A low level of glucosy Iglycerol was ¡^resent in these s t r a i n s . 
0 Data from growth on agarised m e d i a , not in liquid media wliich was used for all other 
strains. 
the cytoplasm of the cyanobacteria. C nmr spectroscopy 
therefore provides a simple indication of which organic 
solutes are significant in maintaining cell water activity. 
13 
Because C nmr spectroscopy assays all solutes in a sample 
and because water extracts were used as samples all low molecular weight solutes significant in osmoregulation 
13 
at the salinities tested were detected in C nmr spectra. 
Each spectrum was usually dominated by resonances of only one 
or two solutes. 
The spectrum in Figure 4a. is typical of many strains 
of cyanobacteria isolated from non-saline environments 
(streams, lakes soil, hot springs, limestone caves). The 
dominant organic osmoregulatory solute is sucrose, its 
12 carbons giving rise to 10 single-carbon resonances and 
one two-carbon resonance. The furthest downfield peak, 
near 105 ppm, has a lower intensity than those from the other 
11 carbons 5 because it arises from a quaternary carbon and 
is therefore partly saturated (Nor ton,1980). The other major 
solute found in some isolates from non-saline environments 
was the symmetrical disaccharide trehalose. 
Figure 4b. shows a spectrum typical of marine isolates 
grown in seawater. The spectrum is dominated by resonances 
from glucosyIglycerol. GlucosyIglycerol was also found 
as the dominant organic osmoregulatory solute of three 
non-marine isolates. No resonances of saccharides were 
observed in spectra of gIucosy1g1ycero1-accumu1 ating strains, 
grown or incubated at salinities of seawater or greater. 
Figure If, NaturaI-abundadce ^^C NMR spectra of aqueeus extracts 
of cvanobacteria. Spectra were recorded at 15.OA MHz 
with 60^ r¿̂ d io-frequencv pulses applied at i.bs 
intervals and processed with 1.1 Hz exponential 
broiidening. 
(a) Synechocvstis XI10 grown in BG-11 medium with 
15 g 1 ^ added NaCl? 0.1 g dr\' weight extract 
per ml, AO,000 scans. 
(b) Svnechocvstis N106 grown in medium f ; 
0.13 g per ml, 10,000 scans. 
(c) Gloeocapsa N107 grown in medium f + 24 ^ 
added NaCl- 0.1(5 g per ml. b0,000 scans. 
a Synechocyst is 
b Synechocyst is 
c Gloeocapsa N107 
200 180 160 140 120 100 
p.p.m 
80 60 40 20 0 
\ 
This does not imply that these saccharides were absent from 
the e x t r a c t s , but that their concentrations were so much 
iower than that of g l u c o s y i g l y c e r o l as to be undetectable 
in the spectra. 
Most cyanobacteria isolated from hypersaline environments 
accumulated quaternary nitrogen c o m p o u n d s , either glycine-
betaine or g l u t a m a t e b e t a i n e , as a dominant osmoregulatory 
solute. Only four hypersaline isolates accumulated sucrose 
and/or trehalose as additional osmoregulatory solutes. 
G l u c o s y I g l y c e r o l was observed in spectra of four hypersaline 
isolates (Synechococcus N 1 6 3 , 3 5 2 , 3 5 5 , 3 6 1 ) , but levels were 
always much lower than that of glycinebetaine , indicating 
that g l u c o s y I g l y c e r o l was not the dominant organic osmo-
regulatory solute of these strains. 
Figure 4 c . is a spectrum of an extract of Gloeocapsa N107 
an isolate from a hypersaline e n v i r o n m e n t . The spectrum 
reveals the presence of trehalose and g l y c i n e b e t a i n e . 
Resonances from the N - t r i m e t h y l (54.7 ppm ) and methylene 
(67.5 ppm) carbons of glycinebetaine are spi. it into triplets 
13 14 
due to C- N coupling ( N'or ton , 1 9 7 9 ) but the splittings 
are not w e l l resolved in this Figure. The resonance from 
the carboxylate carbon of g l y c i n e b e t a i n e , near 171 ppm, 
is small because of partial saturation. The symmetrical 
di saccharide trehalose |M-odiices six resonances. 
L-g I u t ama tebe t a i ne , was idcMiliricd as a niajor organic 
osmoregulatory solute in Ca lothr ix i\ 1 8 1 & N2()l. The 
identification ol this solule was pcM'formed bv R. S. 
Norton (see Appendix VIII). 
3.5 Decomposition of solutes. 
Additional spectra were run on a number of extracts 
to check the stability of the extract under the accumulation 
conditions used, and no decomposition of organic solutes 
was detected. However, glucose and fructose were observed 
in spectra of a number of cyanobacteria isolated from non-
saline environments. These monosaccharides would have to be 
present in extracts either because sucrose and/or trehalose 
were decomposed during the extraction process or because they 
were present initially in the viable cyanobacteria . 
Futher studies on regrown cells revealed that slight 
decomposition of sucrose had occurred in two original extracts 
(Synechococcus N102 & Calothrix N103) but not in extracts 
of regrown cells. Hence fructose and glucose were not 
dominant osmoregulatory solutes in these strains. However, 
in another two strains fi'-examined, fructose was always 
found in samples of cells grown at high NaCl (12g, I3g 
and 16g NaCl per litre for Calothrix N117 and 15g NaCl 
per litre for LPP N109), but never found in extracts from 
cells grown at salinity (Og or 5g NaCl per litre). 
Extraction of regrown cells (both low and high NaCl levels,' 
was performed in the same processing batch. Either 
fructose and glucose bccamc important as 
osmoreguLa torv soliiLcs at higher salinities, or the 
degrading enzyme/s prepared trom cells grown in high salt 
was/were more active (or present in greater concentration) 
than in extracts prepared from cells grown in low salt. 
In addition to gLucosylgLyceroI, the spectrum of an 
extract of LPP N113 incubated n̂ seawater plus 24g NaCI 
per litre contained resonances from low levels of glucose 
and glycerol. This indicated that s1ightdecomposition may 
have occurred during preparation of the extract. This 
strain was not reexamined. 
3.6 Habitat. 
Table I't- also lists the habitat from which each strain 
was isolated. Strains which showed only limited salt 
tolerance and accumulated only saccharides were usually 
isolated from environments where the NaCl concentrations 
would be low, such as in lake v̂ âter or soil. The only 
strain in this group isolated from a saline source was 
Synechocystis 444, which was isolated from an alkaline 
pond. Estimates of its salinity (based on pH and refractive 
index; see Wolf et al,1982-83) range from 13g Na^CO^ to 
20g NaHCO^ per litre. 
All strains accumulating glucos\'IgLycerol as their 
dominant organic osmoregulatory solute were more salt tolerant 
ithan strains accumulating saccharides a Lone ̂  an ci : il most; ill, 
had been isolated from saline environments, usually marine. 
Non-marine sources were: Ireshwatcr uS v ne c hoc v s t i s iNlOói, an 
alkaline pond of unknown salinity in L'had ( Synechococcus iX 1 1 1 j 
and the Saltón Sea ( e chock's t^ s N 1 (i 7 ) , which has an ionic 
composition similar to that of seau'ater (see lable 2.). 
AIL strains accumulating quaternary nitrogen compounds 
(either with or without disaccharides) showed even greater 
salt tolerance, and most had been isolated from environments 
in which the NaCl concentration reaches levels much higher 
than found in seawater, for example environments such as 
the supralittoral zone or salt lakes. Those strains 
accumulating a quaternary nitrogen compound alone as their 
sole dominant organic osmoregulatory solute, showed the 
greatest salt tolerance among cyanobacteria tested. Under 
•a number of other growth conditions, those strains 
accumulating both disaccharides and a quaternary nitrogen 
compound showed maximum salt tolerance near lOOg NaCl per 
litre. These strains were not as salt tolerant as those 
strains which accumulated glycinebetaine alone. 
3 . 7 Salinity tolerance groups. 
Although there are three discernable groups based on 
the class of dominant organic osmoregulatory solute/s 
accumulated under salt stress (saccharides alone, a 
heteroside, quaternary nitrogen compounds; see Table VT-), 
Figure / . (salt tolerance) does not reveal any obvious 
groups of cyanobacteria with discrete salinity tolerance 
ranges. However, examination of a frequency histogram 
of the number of strains versus the maximum salinity 
tolerated for growth (Figure 5 - ) reveals that there are 
three groui^s of cvanobacteria based on the maximum salinit\" 
tolerated for growth and that there is an exccllent 
correlation between the salinity tolerance group and the class 
of organic osmoregulatory solute accumulated. Strains 
Figure Distribution of salinity tolerance and 
dominant organic osmoregulatory solutes in 
cyanobacteria tested in liquid media. 
Shaded areas represent members of the genus 
Synechococcus. 
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in the same salinity tolerance group accumulated the same 
organic osmoregulatory solute. Contributions of all the 
Synechococcus strains tested are shaded in Figure 5. and 
emphasise the presence of three distinct groups. 
3.8. Taxonomy. 
No absolute correlation was found between existing 
Sectional or generic groups and either salinity tolerance, 
habitat or organic osmoregulatory solute (see Table l^ 
An examination of Table l̂f reveals that neither Ca lothr ix, 
LPP, Synechococcus or Synechocystis are restricted to one 
salinity group or habitat. However, in anv p¿̂  r t L c u I a r 
genus, strains i t h t ii e same s a I i n i t V tolerance a c c u n ii I .i t 'J 
the same class of organic osmoregulatory solute. 
1 
3.S. C enrichment studies of Synechococcus N1C) 0 . 
I examined the marine isolate Synechococcus NlOU 
during the first three to four hours of hyperosmotic 
shock to determine the contributions of photosynthetica 11v-
fixed carbon and endogenous polysaccharide to the svnthcsis 
of glucosylglycerol, the dominant organic osmoregulatorv 
I 
solute of this strain (Borowitzka ct al , 1980 ) . C nucLo^.r 
magnetic resonance enabled an estimate of photosynthetica 11v 
fixed, isotopically-1abel led carbon in specific positions 
of glucosvlglycerol and gave some indication oi the 
turnover of the solute^ !n)ol from the rate oi change oi 
label in ^ 1 ucos\'I e 1 vce ro 1 . 
In this studv, the use of ^ enriched bicarbonate 
2 S " 
provided an 81 fold increase in sensitivity over natural 
13 
abundance (1.08X C) bicarbonate and resulted in more 
13 
complex spectra due to spin-spin splitting of C resonances. 
Analysis of spin-spin splitting was used to derive information 
13 
about the distribution or C throughout glucosylglycerol 
and hence the source of carbon for the synthesis of 
glucosylglycerol and isotope turnover within the molecule. 
3.q,l Initial g r o w t h . 
In each experiment prior to NaCl shock, Synechococcus NlOO 
grew e x p o n e n t i a l l y , with each of three flasks producing 
almost identical growth rates and absorbances. Doubling 
times varied between e x p e r i m e n t s , but were in the range 
160-200 minutes (see Figure 6.). During much of the 
exponential growth p h a s e , cultures continuously produced 
small bubbles of o x y g e n . Exponential growth proceeded until 
at least absorbance 0.30 at BOOnm, when the bicarbonate 
started to become limiting, influencing growth rate. 
Culture had utilized all available bicarbonate by absorbance 
0.40 at BOOnm, by which time the medium alkalinity had 
increased to pH8.0-8.1 at 39°C. Bicarbonate was the only 
limiting nutrient at this time and, if more were added, growth 
resumed at the original exponential growth rate. 
3 . 9 . 2 Hyperosmotic shock in the light. 
13 
Figure 7. shows C nmr spectra of aqueous cell-tree 
extracts of Synechococcus N l O O g r o w n o n 9 0 7 o enriched NaHCO^ 
( 0 min. ) and following adjustment to hyperosmotic shock 
in the presence of 907o enriched NaHCO^ ( 171 m i n . j . In 
each case the spectrum was dominated by resonances of glucosyl-
F i g u r e 6 
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T i m e , o n e d i v i s i o n e q u a l s one h o u r . 
P o i n t s r e p r e s e n t the a b s o r b a n c e v a l u e s of the three 
one litre f l a s k s of S y n e c h o c o c c u s NIOO g r o w i n g on 
90^0 
13 
C b i c a r b o n a t e . 
C o n d i t i o n s : 3 7 . 5 - 3 8 . 0°C , 890m1:: . m " ^ . s " ̂  , i n i t i a l pH 7.8 a t t, 
i n c r e a s i n g to 8 . 0 at t^b by w h i c h time b i c a r b o n a t e had 
s t a r t e d to b e c o m e L i m i t i n g . Salt s h o c k w i t h f r e s h 
m e d i u m to i n c r e a s e the s a l i n i t y c^ccurred at v , w h i c h 
w a s w i t h i n 90 m i n u t e s of Che maxiniuiii a b s o r b a n c e of the 
c u l t u r e s . 
G e n e r a t i o n time of 1 6 0 - 1 7 U m i n u t e s is o n e of the Lastest 
r e c o r d e d for any c y a n o b a c t e r i u m . 
Figure . ^^C NMR spectra of cell-free extracts of 
Synechococcus NlOO grown on 90Z enriched 
13 
H CO^ at low salinity and after hyperosmotic 
shock. 
1 7 1 min 
0 min 
180 160 140 120 100 
ppm 
80 60 40 20 
ppm downfield from TMS 
0 minutes: cells grown at 0.25M NaCl (Table 12)^ 
spectrum recorded with 4,000 scans. 
171 minutes: 171 minutes after hyperosmotic shock final 
concentration 0.75M NaCl, in the presence 
of 90Z bicarbonate, spectrum recorded with 
2,000 scans. 
glycerol, the level of which increased dramatically following 
salt shock. The resonances form C^ of the glucose moiety 
I 
and C2 of the glycerol moiety were well resolved, but those 
of C^ to C^ of the glucose moie"ty overlapped with one another, I 
as did those of C| and C^ of the glycerol moiety with C^ 
of the glucose moiety. Thus, detailed analysis of the level 
13 ' of C enrichment could only be made from the C^ and C2 
resonances. Expanded views of these resonances are shown 
in Figure 8, which also depicts the contributions of the 
different isotopomers of glucosylglycerol. 
In a typical experiment when Synechococcus NlOO was 
1 ̂  
grown and salt shocked with 901 C bicarbonate, the 
r- 13 percentage of C in glucosylglycerol was high. The 13 
relative abundance of C was at the same level as the 
administered bicarbonate, and remained essentially 
unchanged. 
The increases in the intensities of the C^ and C^ 
resonances of glucosylglycerol as a function of time 
following hyperosmotic shock are illustrated in Figure 9 
When Synechococcus M OU was shockcd in the light, the 
intensities of the two resonances increased rapidly and 
in parallel. The latter result was consistent with 
uniform random distribution of '^C throughout the 
newly svnthesised g 1 ucosv lgl_ vccro 1 , but did not indicate 
Vv/hether the source of carbon was intracellular or extra-
cellular. 
A short time alter salt shock in the light 13-10 i?,in. 
Figure 8 . Expanded views of the resonances from C^ 
I 
C^ of glucosylglycerol in an extract 
ŝ Q̂̂ ^̂ r̂ig 907o ^-^C enrichment of the carbon 








From a spectrum of an extract of cells 171 minutes after 
hyperosmotic shock in the presence of 90^ enriched 
bicarbonate (Figure 7). 
i o n s Vertical lines represent the positions of contribut
from the various isotopomers of glucosy1glyceroI. 
The total resonance for C^ represents all isotopomers of 
13 gLucosvlglyceroi with C^ as C. Likewise, the total 
' 1 3 ' resonance of C^ represents all iSotopomers with C2' 
Figure ^ 
q o 
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T i m e a f t e r s a l t s h o c k ( m i n ) 
T i m e c o u r s e s o f t h e i n t e n s 1 1 i c s o t t h e C^ ( c i r c l e ) a n d 
I 
C ^ ( t r i a n g l e ) r e s o n a n c e s o f g i u c o s y L g l y c e r o l i - o l l o w i n o 
1 3 
h y p e r o s m o t i c s h o c k i n t h e p r e s e n c e o t 9 0 ^ e n r i c h e d C 
b i c a r b o n a t e i n t h e l i g h t ( o e n s y m b o l s ) o r t h e d a r k 
( f i L l e d s y m b o l s ) . 
the glucosylgLyceroI content of the cells began to increase 
linearly. By 70 minutes the level of glucosylgLyceroI had 
increased about 4 fold and the rate of increase slowed. At 
100 minutes the glucosylglycerol content had increased by 
4.8 fold, which is equivalent to the increase expected on 
13 
the basis of a previous natural abundance C nmr study of 
cells grown at the two salt concentrations (Borowitzka 
et al,198Q). 
During the first 30 minutes of NaCl shock, the 
absorbance of the culture increased twice as fast as the 
growth rate of Synechococcus NlOO before salt shock. 
From 30 to 100 minutes the rate of increase in absorbance 
slowed considerably, even though the level of glucosyl-
glycerol was still increasing rapidly. Thereafter, the 
glucosylglycerol level continued to increase due to 
increasing cell mass. About two hours after salt shock 
the absorbance of the culture began to increase at a rate 
corresponding to a generation time of 210 minutes. This 
growth rate at high salt content (approximately 0.75M 
NaCl or 0.84M total salts) is about 801 of that at low 
salt content (approximately 0.25M NaCl or 0.34M total salts), 
indicating that Synechococcus NlOO is capable of fast 
growth over a broad salinity range. 
3.9.3 Hyperosmotic shock in the d^^rk. 
Figure 9. also shows the results when cells were salt 
shocked in the dark without bicarbonate. The level of 
1 3 glucosylglycerol and the level of C enrichment in 
o a 1 3 oIucosylgLycerol remained unchanged (86-39Z C) for 
200 minutes following hyperosmotic shock. 
The absorbance of the culture after 200 minutes was 
the same as that predicted immediately on dilution of the 
culture at h y p e r o s m o t i c shock. Absorbance readings were 
not taken during the timecourse of the experiment (due to 
insufficient time) and so it is unclear whether the 
absorbance remained totally unchanged for 200 minutes. 
13 
3.9.4. Changing abundance of C. 
In order to demonstrate that new photosynthate was 
the major source for glucosylglycerol synthesized during 
hyperosmotic shock, cells which had been grown on natural 13 abundance bicarbonate (1^ C) were subjected to hyperosmotic 
13 
shock in the presence of enriched bicarbonate (90Z C), 
and vice versa. 
Estimates from both experiments involving a change 
13 
in abundance of external C (in bicarbonate) showed that 
contribution from intracellular carbon was ^10^ of that 
required to balance the osmotic stress when Synechococcus 
NlOO was salt shocked (increase of 0.5M iNaCl ) with an 
excess of bicarbonate in the Light. 
IJhen cells grown on natural abundance bicarbonate 
were salt shocked with enriched bicarbonate, the rate of 
increase in the level of ^^C Labelled gIucosy1gIvceroI 
was about 90-94/o ol that observed in the corresponding 
experiment with ceils grown on enriched bicarbonate. 
Extracellular bicarbonate was the only source of highlv 
enriched C. Within 15 minutes of salt shock the level 
13 of abundance of C in the glycerol moiety, as measued by 
I 
the splitting of the C^ resonance of the glycerol moiety, 
had reached 901, where it remained for the duration of 
the experiment (Figue 10.). However, at this time the level 
of enrichment of C^ of the glucose moiety, as measured by 
splitting of the C^ resonance, was significantly lower 
than 90^, but increased to 90/̂  by 30 minutes. 
When the complimentary experiment was carried out, 
that is cells grown on enriched bicaronate salt shocked 
in the presence of natural abundance bicarbonate, a 
significant increase in the intensities of all resonances 
of glucosylglycerol was observed during the first hour, 
following which there was a slow decline. The magnitude of 
this increase was greater than would have been predicted 
if all of the new glucosylglycerol was synthesized from 
extracellular carbon. If the overall concentration of 
glucosylglycerol increased 4.8 fold and if all of the 
13 
newly synthesized material contained 1.08^ C (from 
natural abundance bicarbonate), then the resonance intensities 
would have increased by only about The observed increases 
were in the range 30-50^. Thus contributions from sources 
other than extracellular carbon must have accounted for 
25-45^ of the observed increase, which is equivalent to 
6-11^ of the additional glucosylglycerol required to 
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J 3 Timecourses ot the degrees of C enrichment in 
I I 
of the giucose moiety (circle) and C^ and C^ ot the 
glycerol moiety (triangle) of glucosyIglycerol, as I 
detected by the splitting patterns of C^ and C^ 
respectively, when cells grovv'n on na Liira 1 -abundance 
bicarbonate are subjectc^d to hy pe ros mc:) t i c shock in 
the presence of K̂)7o enriched bica rbon<i te . 
3.9.5 Distribution of C within glucosylglycerol. 
In experiments involving a change of abundance of 
13 13 C at the time of salt shock, the distribution of C 
12 13 
revealed that there was some C/ C exchange occurring 
within the glycerol moiety of glucosylglycerol during the 
period of adjustment to hyperosmotic shock. 
Intracellular carbon was being incorporated into the 
glycerol moiety of glucosylglycerol up until the time 
exponential growth resumed after adjustment to salt shock. 
This was only evident when cells grown on enriched bicarbonate 
were salt shocked in the presence of natural abundance 
bicarbona te. 
13 13 ' Initially, the abundance of C was 86-89^ from C2 
13 data and 90^ from C^ data. However, throughout the time-
course of the experiment the splitting of the resonances 
indicated that there could not be uniform random distribution 
13 of C throughout glucosylglycerol. For an example of 
the data calculations and the absolute levels of the 
spin-spin splittings see Appendix VII. Since the abundance 
13 
of C was not uniform,information can only be presented 
as the changes in the relative proportions of the resolved 
isotopomers of the glucose and glycerol moieties (Figure 11). 
As in all experiments, the changes in the levels of the 
isotopomers represent contributions from initial and newly 
synthesized glucosyIglycerol as well as turnover of this 
solute pool and ^^C/^^C exchange within glucosylglycerol 
itself. 
Figure 11. indicates that after NaCl shock there were 
12 13 three phases of C/ C exchange in the glycerol moiety 
of glucosylglycerol. During the first 30 minutes, the 
13 ' 13 ' 13 ' relative contributions of the first isotopomer ( C^- C.̂ - C^ 
13 ' 13 ' 12 ' decreased, while those of the second ( C^- C^- C^ plus 
12 ' 13 ' 13 ' 12 ' 13 ' 12 ' C^- C^" C^) and third isotopomer ( C ̂  C 2 ^ 3 ̂  
increased. For the next 70-80 minutes no further change 
was observed in the relative proportion of the second 
isotopomers, but there was a slower decline in that of 
the first isotopomer and a corresponding increase in that of 
the third isotopomer. After this point, which corresponded 
12 13 
to the resumption of exponential growth, C/ C exchange 
was so slow as to be below the reliable level of detection of 
the assay proceedure. 
In order to determine whether this turnover of 
intracellular carbon with the glycerol moiety of glucosyl-
glycerol was significant in the absence ofosmotic shock, 
cells which had been grown on natural abundance bicarbonate 
were switched to enriched bicarbonate without a change 
in the total salt concentration. Samples taken up to 
13 13 two hours following this change in C abundance showed r^ C 
labelling of glucosylglycerol, but significant ^^C 
incorporation into a glucose containing polysaccharide, 
13 
the C chemical shifts of which were consistent with 
glycogen. 
Figure 11 . 
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Changes in the relative proportions of the various 
I I 
isotopomers at C^ of the glucose moiety and Ĉ ^ and C^ 
of the glycerol moiety of glucosyIglycerol when cells 
grown on 90^ enriched bicarbonate are salt shocked in the 
presence of natural-abundance bicarbonate. 
DISCUSSION 
4.1 Osmoregulatory groups in Cyanobacteria 
Cyanobacteria examined in this study included strains 
from most of the generic groups of Rippka et al(1979,1981) 
and Rippka & Cohen-Bazire (1983) (see Appendix IX). Strains 
included isolate$ from the least saline and most saline 
environments from which cyanobacteria have been reported. 
Every cyanobacterium tested showed a positive and 
measurable response to salinity stress by accumulating 
organic osmoregulatory solutes. This suggests tl.̂ t 
accumulation of organic solutes in response to salinity 
stress is a common trait of Cyanobacteria. 
Three classes of organic solutes were accumulated: 
saccharides (sucrose, trehalose, fructose, glucose), a 
heteroside ( glucosyIglycerol) and compounds possessing 
a quaternary nitrogen moiety (glycinebetaine, glutamate-
betaine). 
All cyanobacteria could be placed into one of three 
physiologically distinct groups based on the combinations of or 
class of dominant organic osmoregulatory solute^s accumul a ted • 
The first group included all those strains which 
accumulated only saccharides. Strains in the second group 
accumulated glucosvIgIycero1, while strains in the third 
group accumulated a quaternary nitrogen compound, with 
without saccharides, as their dominant orgiinic osmoregul itor\ 
solutes. I'his indicates that any c va noba c te r i um may be 
categorized according to the tyî e of dominant organic 
osmoregulatory solute accumulated. 
A frequency histogram of strains examined in this 
study (Figure 5) established that Cyanobacteria formed 
at least three groups according to the maximum salinity 
they tolerated for growth, and that these three groups 
coincided with those based on the combinations/class of 
dominant organic osmoregulatory solute accumulated. Strains 
with restricted salt tolerance accumulated only saccharides, 
strains with extended salt tolerance accumulated glucosyl-
glycerol, and strains which displayed the greatest salt 
tolerance accumulated quaternary nitrogen compounds. 
Salt tolerance was therefore directly linked with 
the class of dominant organic osmoregulatory solute, and the 
class of dominant organic osmoregulatory solute accumulated 
could be used to predict the salt tolerance of a 
cyanobacterium. This indicates that each of the three 
salt-tolerance/ osmoregulatory-solute groups is fairly 
uniform with regard to the physiology of salt resistance. 
Figure 2 shows that most cyanobacteria tolerated a 
wide range of salinities. Therefore cyanobacteria with 
different salinity tolerance ranges(and able to accumulate 
different organic osmoregulatory solutes)could be found 
in the same habitat. Some of the strains would be 
actively growing or even blooming, while others would be 
merely surviving. For example, moderately halophilic 
cyanobacteria will bloom at salinities of 60-90g NaCl per 
litre, but will survive at lower salinities where less 
l&o 
salt-tolerant cyanobacteria bloom. 
Even considering this overlap of osmoregulatory 
systems in a single environment, cyanobacteria from 
environments of approximately the same salinity 
accumulated the same class of dominant organic osmoregulatory 
solute (Table 14). Isolates from freshwater, stream water, 
lake water and soil accumulated only saccharides, while 
isolates from seawater, the intertidal zone and marine mud 
produced a heteroside (glucosyIglycerol) in response to 
salt stress. Cyanob'dcter ia from the supr a 1 i 11 or a 1 zone, 
saline pools, hypersaline ponds, salt works and salt lakes 
accumulated quaternary nitrogen compounds (with or without 
saccharides). The correlation between environmental 
source and organic osmoregulatory solute is very good 
considering the overlap expected in the environmental 
sources of strains. 
The correlation of maximum salinity tolerated for 
growth and class of dominant organic osmoregulatory solute 
with the source from which a strain was isolated, prompted 
the description of three physiological groups, each with 
a different mechanism of osmoregulation. The three groups 
were named according to the salinity of the most common 
source of isolates in each group. "Freshwater" cyanobacteria 
accumulated onlv saccharides and shovxcd restricLcd salt 
tolerance, "marine" cva nobac I eria accumulaLed glucosvl-
glycerol and showed extended sail tolerance, "hvpcrsa 1inc" 
cyanobacteria accumulated a quaternary nitrogen compound 
(with or without saccharides) and showed the greatest salt 
tolerance (Mackay et a1,1983,1984 ) . 
The correlation of maximum salinity tolerated for growth 
with the class of dominant organic osmoregulatory solute 
accumulated by a cyanobacterium has been maintained in 
every isolate of cyanoabcteria examined to date (Blumwald 
& Tel-Or,1982a; Erdmann,1983; Richardson et al,1983; 
Reed et al,1984b; Warr et al,1984b; Warr et al,1985a; 
Reed & Stewart,1985). 
However, the use of the word "marine" was seen as 
inappropriate (Reed et al,1984a; Reed & Stewart,1985). 
In terms of strain physiology, cyanobacteria which 
accumulate glucosylglycerol as their dominant organic 
osmoregulatory soluce are much more uniform as a group than 
the "marine" group defined by Rippka et al(1979) on the 
basis of elevated growth requirements for Na , Mg and 
Ca^^. The "marine" group of Rippka et al(1979 ) did not 
include many marine isolates or distinguish cyanobacteria 
isolated from hypersaline environments. Differences of up to 
lOOg.l"^ NaCl in the maximum salinity tolerated for growth 
can be seen between strains in this "marine" group (see 
Figure 2). Such large differences in salt tolerance are 
also evident in the remaining 'non-marine' group of 
cyanobacteria: those without such complex ionic grcnvLh 
requirements (Figure 2). 
lO-L-
In all strains so far examined, with the possible 
exception of Spirulina platensis (Warr et al,1985a), 
cyanoabcteria which accumulate glucosyIglycerol as their 
dominant organic osmoregulatory solute have displayed 
optimal growth at elevated (10-30g.l~^ NaCl) salinities, 
regardless of the source of the isolate. This includes 
several strains isolated from freshwater environments 
(Microcystis firma [Schiewer,1974] and Synechocystis N106 
[Sect ion 3.2]), and is similar to the response seen in 
marine heterotrophic bacteria (Reichelt & Baumann,1974; 
see Section 1.5). 
Such an adaptation clearly indicates that cyanobacteria 
which accumulate glucosylglycerol as their dominant organic 
osmoregulatory solute do not merely tolerate saline 
environments, but are specifically adapted to saline 
environments and that,a 1 though they may be found in 
freshwater environments,they are best suited to and 
probably originate from saline environments. 
A number of cyanobacteria which accumulate glucosyl-
glycerol as their dominant organic osmoregulatory solute 
have been isolated from non-marine environ^-.cnts (both saline 
and non-saline) and a number of cyanobacteria isolated from 
marine environments do not accumulate glucosylglyccrol 
(Quillet,1967; Mackay et al,1 983. I 984; Reed & Stewart,1 983, 
1985; Uarr et a 1,1984b, 198 5a). Consequently, it was suggested 
that there was no absolute correlation between organic 
solute accumulation profile and habitat (Reed S t ewa r t , 1 ̂ 8̂ 5 ) . 
Apart from the strains in this study, only two of 
the marine isolates which accumulated sucrose as their 
dominant organic osmoregulatory solute have been examined 
for the presence of quaternary nitrogen compounds. 
Nodularia harveyana was unequivocally shown not to accumulate 
quaternary nitrogen compounds in addition to sucroseiWarr etal, 
1984b), distinguishing it from the hypersaline 
isolates in this study. The restricted sa 11 tolerance of 
N.harveyana and lack of optimal growth at elevated salinity 
(Warr et al,1984b) suggest that this may be a strain adapted 
to brackish water environments. 
1 3 
Quaternary nitrogen compounds were not detected in C 
nmr spectra of an ethanolic extract of the other strain, 
Anabaena CA (R.H.Reed, personal communication). However, 
because the solubility of glycinebetaine in ethanol is 
only 1/18 that in water at 18-19°C (Dawson et al, 1972), 
this does not exclude the possibility that quaternary 
nitrogen compounds are accumulated by this strain. Although 
this strain showed an absolute growth requirement for Na^ 
and optimal growth at 5-15g.l ^ NaCl, the maximum salt 
tolerance for growth has not been reported (Stacey et al,1977; 
Gotto et al,1979). 
Glucosylglycerol-accumulating strains of cyanobacteria 
are not absolutely restricted to the marine environment, 
just as sucrose- and g lyc i nebe t ̂.i ne-accumu L a t i ng strains 
are not absolutely restricted to freshwater and hypersaline 
environments, respectively. 
The source of an isolate does not necessarily reflect 
the optimal growth conditions of the isolate. For example, 
N . h a r v e y a n a , vs/hich was isolated from a salt marsh, showed 
best growth in freshwater and could not grow in 200^ 
seawater (Warr et a l , 1 9 8 4 b ) , vastly unlike many other 
hypersaline isolates which show optimal growth at about 
200:^ seawater and can grow in 300-400Z seawater (Reed et al, 
1984b, Mackay et al,1984; Sections 1.6, 3.2, Table 4 , Figure 3) 
So although N.harveyana was isolated from a hypersaline 
e n v i r o n m e n t , physiologically it could not be considered a 
hypersaline strain of c y a n o b a c t e r i a . 
The increasing number of non-marine sources reported 
for strains of cvanobacteria which accumulate glucosyIglycerol 
as their dominant organic osmoregulatory solute indicate that, 
altiiough strains in this group of cyanobacteria are best adapted 
to a saline environment (of approximately seawater salinity), 
can grow in seawater and may have originated from the marine 
e n v i r o n m e n t , thev are novj sufficiently widespread to suggest 
that the label "marine" might be m i s l e a d i n g . 
For e x a m p l e , among seven Synechocys t i s strains thought 
to be independent isolates of the same species (Rippka e t a I, 
1979), five strains v\/ere isolated from freshwater sources 
and two from saline (marine) s o u r c e s . Six of the seven strains 
have now been examined for their maximum salt tolerancc and 
organic osmoregulatory s o l u t e s . All accumulated glucosvl-
glvccrol and shovxcd the extended salt tolerance tvpical of 
g l u c o s v l g l y c e r o l - a c c u m u l a t i n g strains (Mackay e t a I , 1 983, I 984; 
Reed & S t e w a r t , 1 9 8 5 ) . It is clear that the phvsiologv ot 
/or 
of an isolate is of much greater importance in classification 
than a one word description of the environmental source 
assumed to be a naturai habitat. 
2 Osmoreguiatory soiutes characteristic of Habitats 
The three classes of organic solutes found in 
cyanobacteria have also been found as organic osmoreguiatory 
solutes in plants, lichen, algae and phototrophic and 
heterotrophic bacteria (Table 1), and there is some 
correlation between habitat and the class of organic 
osmoregulatory solute found in these organisms too. 
The most striking correlation is found in organisms 
isolated from hypersaline environments. An 
extreme halophile, a moderate halophile and halophytes 
all accumulate quaternary nitrogen compound^in response 
to salinity stress; the most common compound is glycinebetaine 
(Galinski & Truper,1982; Risk et al,1982; Storey & Ivyn Jones, 
1975,1977). Cvanobacteria from hypersaline environments 
also accumulate quaternary nitrogen compounds as osmoregulatory 
solutes, which suggests that accumulation of these compounds 
might be a common mechanism of osmoregulation in many 
organisms adapted to hypersaline environments. 
The correlation of carbohydrate osmoregulatory solute 
with environmental source in organisms other than cvanobacteria 
is far less sLril^ing. Heterosides are the niajor pho t os vn L he t 1 c 
products and lovv' molecular weight storage products of 
lolo 
marine red algae (Craigie,1974). An osmoregulatory roLe 
for heterosides has been demonstrated for several species 
(Kauss,1968), although Kremer (1979) was unable to confirm 
some of these results. However, heterosides do have 
undisputed roles as osmoregulatory solutes in some marine 
and brackish-water organisms (Reed et al,1980; Kauss,1967; 
Feige,1972). Many cyanobacteria from saline sources 
(mostly marine) accumulate the heteroside glucosyIglycerol. 
Freshwater green algaei^and cyanobacteria^j accumulate the 
disaccharide sucrose when salt stressed (Kauss,1977). 
4.3 Compatible solutes 
Osmoregulatory solutes which accumulate to high 
concentration and in doing so do not inhibit enzyme activity 
have been termed compatible solutes (Brown & Simpson,1972)• 
Thev are thought t o act by either a cooperative binding to 
proteins which does not induce conformational change, or 
by affecting the water domain surrounding the hydrophobic 
groups in the protein rather than by binding to the protein 
itself (Borowitzka,1981a ) . 
-Monosaccharides and disaccharides are poor compatible 
solutes I, Br own , 1 9 7 6 ; Simpson , I 976 ; Rose ma et a 1,19 78; 
Vopp et al, 19 75,1 9 76; Warr e t a 1, 1984a), which may account, 
at least in part, for the poor salt tolerance of cvanobacteria 
which a CO Li mil Late this solute as their sole dominant organic 
o s ni o r e l' ii 1, a tor v s o lute. 
c; 1 \'c i nebe t a i ne is well d(^cumenLed as a good ce)mpatible 
soliiCe, being able to relieve^ salt inhibition of en/\'mes 
(Storey et aL,1977; Pollard & Wyn Jones,1979; Wyn Jones,1980; 
Warr et al,1984a; Pavlicek & Y o p p , 1 9 8 2 , 1 9 8 3 ) . The abitlty 
to accumulate this very efficient compatible solute or 
a related quaternary nitrogen compound (glutamatebetaine) is 
a characteristic of the hypersaline isolates of cyanobacteria 
examined in this s t u d y , and can be considered partly 
responsible for the extended salt tolerance of these strains 
4.4 Osmoregulatory solutes in taxonomy 
C e l l size and shape change and thylakoids become 
disoriented when cyanobacteria are grown in media with 
different salt concentrations (Stam & H o i l e m a n , 1975 , 1979; 
Blumwald & T e 1 - O r , 1 9 8 2 a ; Mohammad et al,1983; Section 3.2). 
Most of the major taxonomic groups or Sections of 
cyanobacteria are based on morphological traits, and the 
large number of generic and specific names used to describe 
field m a t e r i a l reflects a general m o r p h o l o g i c a l plasticitv 
among C y a n o b a c t e r i a . 
The nomenclature of the various m o r p h o l o g i c a l forms 
led to confusion in the taxonomy, because little phenotvpic 
or gen.o'ypic data were a v a i l a b l e . The taxonomic works of 
Stanicr and Stam and their coworkers have helped the 
classification of Cyanobacteria by r e d e f i n i n g , using 
m o r p h o l o g i c a l l y - c o n s i s t e n t features of actively grovving 
c u l t u r e s , certain c v a noba c t c r i a 1 genera in such a v\'av 
that clear cut generic assignments can be made tor cultures. 
This provides a basis I'or examining phenoty[:)ic and genotvpic 
similarities and di t; ierences among strains and for generating 
1 hvw';thesis of s p e c i a t i o n . The hypothesis can be tested 
lO'i 
u s i n g D N A / D N A h y b r i d i z a t i o n . 
One p r o c e d u r e w h i c h e l i m i n a t e s w e i g h t i n g of traits 
in g r o u p i n g p h y s i o l o g i c a l l y s i m i i a r s t r a i n s is n u m e r i c a l 
a n a l y s i s (Sneath & S o k a I , 1 9 7 3 ) . Most c y a n o b a c t e r i a are 
n o t a b l e for their l a c k of p h y s i o l o g i c a l traits s u i t a b l e for 
n u m e r i c a l a n a l y s i s b e c a u s e many of the s t r a i n s tested do 
not p o s s e s s the t r a i t . A list of traits u s e d by Rippka 
et a 1, (1979) to g r o u p c y a n o b a c t e r i a is g i v e n in A p p e n d i x X . 
An e x a m p l e of a p h e n o t y p i c trait n o t g e n e r a l l y p o s s e s s e d by 
c y a n o b a c t e r i a is f a c u l t a t i v e p h o t o h e t e r o t r o p h y : about 
h a l f the s t r a i n s t e s t e d c o u l d not g r o w u s i n g any of the tested 
o r g a n i c c a r b o n s o u r c e s as t h e i r sole s o u r c e of c a r b o n (Rippka 
et a i a 9 7 9 ) . 
E v e r y s t r a i n of c y a n o b a c t e r i a I e x a m i n e d , r e g a r d l e s s 
of its t a x o n o m i c a f f i l i a t i o n , a c c u m u l a t e d some d o m i n a n t 
o r g a n i c o s m o r e g u l a t o r y s o l u t e / s and c o u l d be c l e a r l y 
r e c o g n i s e d as b e l o n g i n g to a p a r t i c u l a r p h y s i o l o g i c a l type 
on the basis of the c l a s s of o r g a n i c o s m o r e g u l a t o r y solute 
a c c u m u l a t e d (or the m a x i m u m s a l i n i t y t o l e r a n c e of the s t r a i n ) . 
If the a b i l i t y to a c c u m u l a te s p e c i f i c o r g a n i c c o m p o u n d s 
w e r e to be of any use in a t a x o n o m y of c y a n o b a c t e r i a based 
on p h y s i o l o g y , it w o u l d need to be a s t a b l e c h a r a c t e r i s t i c 
in c u l t u r e . A l t h o u g h this study is the first report of 
o r g a n i c o s m o r e g u l a t o r y s o l u t e a c c u m u l a t i o n in many ol' 
the s t r a i n s , it w o u l d appcijr to be a s t a b l e c h a r a c t e r i s t i c . 
The a b i l i t v to .iccumiilate s o l u t e has been r e t a i n e d lor up to 
4b vears in c u l t u r e (see iable 7) r e g a r d l e s s of the s a l i n i t v 
in u'hich the s t r a i n was r o u t . n C l y m a i n t a i n e d in c u l t u r e . 
The ability to accumulate organic osmoregulatory 
solutes is common to all cyanobacteria and in any particular 
generic group strains with the same salinity toierance 
accumulated the same class of solute. In collating 
information on the many strains of cyanobacteria so far 
examined for their organic osmoregulatory solutes, I 
recognized several groups thought to represent individual species 
(Rippka etal,I979)In each case strains within a suspected species 
produced the same class of osmoregulatory solute and showed 
the salt tolerance usually associated with that solute type: 
Synechococcus 6301 (=N102), 6311, 6908, 7943 and Cyanobium 
6307, 6907 all accumulated sucrose; Synechococcus 7002 (=N166), 
7117, 73109 and Synechocystis 6702, 6714 (=N106), 6803, 
6806, 6905 and 7201 all accumulated glucosylglycerol as 
their dominant organic osmoregulatory solute (Mackay et al, 
1983,1984; Reed & Stewart,1985 ; Blumwald et al,1984) . 
Such data are supportive of our proposal (Mackay et al, 1981, 
1984) that the dominant organic osmoregulatory solute of 
cyanobacteria is a phenotypic trait useful in distinguishing 
different strains of cyanobacteria. This would provide a 
physiological parameter to replace the salinity of 
environmental source used by Geitler (1932) and Desikacharv 
(1959) in their classification of Cyanobacteria. 
Iho trait is well suited to the numerical analysis of 
t;.ixonomv because all cy a nob[i c t c r 1 a accumulate an organic 
osmoregii 1 a tory solute, because only a lew solutes ¿ire 1 ound 
and because onlv dominant solutes are involved in assesment. 
Such an analysis can remove much of the bias or weighting 
of traits evident in taxonomic systems, in the same way 
that the use of a quantitative salinity tolerance system 
based o^ the maximum salinity tolerated for growth can make 
value judgements,about the saline nature of a habitat 
described in only a few words, unnecessary. Solute class 
rather than habitat may therefore be useful in a diagnostic 
key once speciation had been established. 
13 4.5 Photosynthetic C enrichment studies of Synechococcus KIQO 
4.5.1 Growth, photosynthesis and photorespiration 
Kollman et 3l(1979b) had reported that galactosyl-
glycerol, a photosynthetic product of the marine red alga 
Gigartina corymbi fera could only be obtained in good yields 
only when the alga was growing rapidly. Growth of 
Synechococcus M O O for assay of glucosylglycerol production 
was vigouous; cells grew with a generation time of about 
three hours, which is among the fastest reported for any 
cyanobacterium (see Potts et al,1983) . 
The saturating oxygen level_ in cultures and high 
temperature could have affected the rate and route of carbon 
fixation. However, the rate of carbon fixation was high, 
as indicated bv the extremely rapid growth rate. No 
accumulation of intermediates of phot ores pi ra t ion , ol. 
glycosV1g1vcero 1 biosynthesis or of the Reductive Pentose 
l^hosphate pathvx'ax' Vv'ere observed in ;iny spectra. 'I'here was no 
direct evidence to suggest that photorespiration plays a ma jor 
fil 
role in Synechococcus NlOO under these experimental conditions, 
even though the level of oxygen was saturating. 
13 
In experiments involving cells grown on 901 C 
bicarbonate, the degree of enrichment (calculated from the I spin-spin splitting of C^ and C^ resonances) was always 
13 
high (8^-90^). Photosynthetic discrimination against C 
was ther^ore small, as expected for microalgae grown in 
solution, where the high diffusional resistance nullifies 12 13 the ditterence in reaction rates between CO2 and 002» 
Within 15 minutes of salt shock in the light with a 
13 
change in abundance of C in bicarbonate, the abundance of 
13 C throughout the glycerol moiety was the same as the 
supplied external carbon source (Figure 10). This indicates 
both that the glycerol moiety derived from photosynthate 
and that pools of intermediates of the Reductive Pentose 
13 
Phosphate cycle were saturated with C within 15 minutes. 
The glucose moietv of glucosylglycerol was saturated within 
30 minutes in the same experiment, indicating that it also 
deri\'es from photosynthatc and that pools of hexose residues 
are saturated bv this time. 
Because the abundance of ^^C in glucosylglycerol 
matched that of the supplied bicarbonate in this experiment, 
there was no significant dilution of '^C due to reslduil 
bicarbonate in the mediuni at the time of salt shock. 
Hence, VN'hen bicarbonate levels are low and oxvgcNi 1 ev̂ 'I is 
saturating, CX).̂  assimilation 1^.Synechococcus N1 OU Is n_ot 
reduced to a negligible rate^unlike other marine^ isolates 
(Glover & Morris,1981). 
If an influx of Na occurs on salt shock of Synechococcus 
NlOO, as occurs with other cyanobacteria (Blumwald et al,1983b; 
Reed et al , 1985), enzymes of the Reductive Pentose Phosphate 
cycle are likely to be inhibited. The two irreversible 
and rate-liiniting reactions of the cycle are the first and 
the last ,catalysed by Ribulose-1,5-bisphosphate carboxylase/ 
oxygenase and Fructose-1,6-bisphosphatase respectively 
(Bassham,1979). The activity of each of these enzymes from 
cyanoabcteria has been shown to be inhibited by Na' stress 
(Takabe et al,1984; Schmidt,1979). 
4.5.2 Timecourse of accumulation and carbon source of 
glucosylglycerol accumulated during hyperosmotic shock 
Under conditions of saturating light intensity, 
Synechococcus NlOO accumulated gluosylglycerol within 
5 to 10 minutes of hyperosmotic shock, indicating a mechanism 
involving activation of synthetic enzymes and/or inhibiition 
of degradative enzymes. Osmotic equilibrium,taking 7Ü-IÜU minut 
was achieved well within one generation time, and the rate 
of accumulation of glucosylglycerol slowed before exponential 
growth resumed at about tv\'0 hours. 
There was no osmotically significant increase in anv 
smal. 1 molecular weight organic solute in Synechococcus KlUO 
within 2ÜÜ minutes of hyperosmotic shock in the dark. A 
15 minute preincubation should have restored the AlP level 
to that in the light, as reported for other cya nobacteri a 
(Lhlenfeldt & Gibson, 1975; Mullineaux et a I , I 980 ) . 
HZ 
However, the r^t_e of ATP synthesis in the dark is likely to 
be only i/iO to 1/20 that in the light (Bottomley & 
Stewart,1976). Whether modified by inadequate enzyme 
activation, by energy- or carbon-limitation, the dark 
rate of accumulation oi glucosylglycerol from intracellular 
carbon reserves is so low that it provides negligible 
assistance in balancing osmotic stress. The inability to 
synthesize any organic solute in the dark has now been 
demonstrated in four cyanobacteria, each one that has been 
examined ((Erdamnn,1983; Yopp et al,1983; Warr et al, 1983b) 
and it now appears that this may be a general phenomenon 
among cyanobacteria. 
Although photosynthesis provided ^90% of the carbon 
for the synthesis of glucosylglycerol required to balance 
the osmotic stress, there was a small contribution from 
intracellular carbon reserves. Some carbon might be derived 
from intermediates of the Reductive Pentose Phosphate 
cycle as photosynthesis replaces carbon isotopes in the 
intermediates. This would be especially noticeable when 
1 
cells grown with C enriched bicarbonate were salt-shocked 
with natural abundance bicarbonate. The maximum contribution 
from intracellular carbon reserves under these conditions 
occurred at 50-80 minutes, long after intermediates of the 
Reductive Pentose Phosphate cycle are saturated with 
photosvnthetic label. iherefore, additional 1 ntracc1luI ir 
carbon, other than from intermediates the Reductive 
PcMitose Phosphate cycle, niust derive from intracellular 
c a r b o n stores, [presumably g 1 y c o g e n . 
One p o s s i b l e w a y of u t i l i z i n g s t o r a g e p o i y s a c c h a r i d e is 
by r e s p i r a t i o n in the l i g h t , w h i c h has been d e m o n s t r a t e d 
in a range of c y a n o b a c t e r i a , i n c l u d i n g an isoiate now 
k n o w n to a c c u m u l a t e g i u c o s y i g i y c e r o l (Scherer & B o g e r , 1 9 8 2 ) . 
The CO2 formed by this r e s p i r a t i o n is i m m e d i a t e l y refixed in 
the light w i t h o u t l i b e r a t i o n . This m e t h o d of using storage 
p o l y s a c c h a r i d e w o u l d be i n t e r e s t i n g for two r e a s o n s . 
F i r s t l y , what might n o r m a l l y be c o n s i d e r e d a w a s t e product 
of r e s p i r a t i o n (CO^) w o u l d be able to c o n t r i b u t e to the 
s y n t h e s i s of g i u c o s y I g i y c e r o l and h e l p m a i n t a i n o s m o t i c 
b a l a n c e . S e c o n d l y , i n t r a c e l l u l a r c a r b o n , from g l y c o g e n , 
w o u l d be i n c o r p o r a t e d into p h o t o s y n t h a t e . 
4 . 5 . 3 Carbon turnover w i t h i n g i u c o s y I g i y c e r o l 
Figure ii i n d i c a t e s t h a t , w h e n S y n e c h o c o c c u s NlOO was 
1 3 
s a l t - s h o c k e d with a c h a n g e in a b u n d a n c e of C , there could 
1 
not be u n i f o r m random d i s t r i b u t i o n of "C in the g l v c e r o l 
m o i e t y of g i u c o s y I g l y c e r o l . C h a n g e s in the ratios of 
i s o t o p o m e r s were not c o n s i s t e n t w i t h simple d i l u t i o n of 13 e x i s t i n g g l u c o s v l g l y c e r o l (90^ C) Vv/ith n a t u r a l a b u n d a n c e 
13 
g l u c o s v l g l y c e r o l ll.l^ C ) . The p r o p o r t i o n of i s o t o p o m e r s 
changed t h r o u g h o u t the first 100 m i n u t e s of salt s h o c k , that 
i s ^ d u r i n g the period when S y n e c h o c o c c u s NlOO was a d j u s t i n g 1 o 
o s m o t i c a l l y . The i n c r e a s e seen in total C indicated that 
there was a s i g n i f i c a n t c o n t r i b u t i o n of carbon from i n t r a c e l l u l a r 
stores d u r i n g this t i m e . 
O b v i o u s I v there was turnover of c;irbon from i n t r a c e l l u l a r 
s t o r e s with carbon in the g l y c e r o l m o i e t y of g l u c o s v l g l y c e r o l , 
p r o d u c i n g c h a n g e s in the ratios of i s o t oj^ome r s . The means bv 
U S ' 
which this occurred may be respiration of storage polysaccharide 
in the light, the refixed CO2 (rich in ^^C) being incorporated 
into the g l y c e r o l m o i e t y . This would indicate that 
respiration in Synechocuccus NlOO would be increased during 
the period of osmotic a d j u s t m e n t . When the abundance of ^^C 
in intracellular and extracellular carbon is the same, such 
respiration^with subsequent changes in the isotopomers of 
g l u c o s y l g l y c e r o l ^ i s not d e t e c t a b l e . 
13 When abundance of C was changed under conditions of 
1 
osmotic equilibrium at low salt c o n c e n t r a t i o n , C was heavily 
incorporated into g l y c o g e n , but no increase in glucosyl-
g l y c e r o l was detectable after two h o u r s . There was h o w e v e r , 13 
signiticant incorporation of label ( C) under conditions of 
salt shock or high s a l i n i t y . This was also found in 
•^licrocystis fii"ma , which showed significant incorporation 
of photosynthetic label (^^C) only when cell^ were subjected 
to salt shock or grown at high salinity (Erdmann,1983). 
4.5.4 Accumulation of g l u c o s y I g l y c e r o l plus sucrose 
In Synechocys t i s 6714 (=N106) sucrose is an important 
short term osmoregulatory solute, becomming more prominent 
with increasing temperature (VJarr et al,1985b). This strain 
also accumulates g l u c o s y l g l y c e r o l as its dominant organic 
osmoregulatory solute (Mackay et a 1, 1983,1984 ; Reed & 
S t ev\ a r t , 1 5 ) . In the '̂̂ C enriched studies ol; Syne choc occus 
N 1 00 ,11 tempera tui"es near 37-4()"C, accumulation of sucrose 
was noL detecLed. Since several carbon resonances oL 
sucrose are well resolved from those oL glucosylglycerol 
(see Figure 4 ) , the inability to detect sucre)se suggests 
that it was present in very small amounts. 
The Lack of sucrose accumulation in Synechococcus NlOO 
may be reconciled with the data on Synechocystis 6714. 
Synechocystis 6714 was salt-shocked from freshwater; 
Syncehococcus NlOO was salt-shocked from about 0.25M NaCl. 
1 had chosen this initial salinity because growth was optimal 
near this salinity, and because glucosyIglycerol was already 
13 
the dominant solute in C nmr spectra and so enzyme 
systems for the synthesis of this solute might be fully 
induced. Given that sucrose is only prominent at low 
salinities in Synechocystis 6714 (Warr et al5l985b), it 
is possible to propose that sucrose accumulation in the short 
term may be a common response of glucosylglycerol-accumulating 
strains,and is governed by the initial salinity at salt 
stress. Futher studies are required to support such 
a hypothesis. 
4.6 Conelusions 
The ability to accumulate organic solutes in response 
to salt stress is common to all Cyanobacteria, regardless 
of their salt tolerance, environmental source or taxonomic 
group. A small range of solutes is accumulated aand the class 
of solute reflects the maximum salt tolerance of the strain, 
and vice versa. 
he same t h r e e g r o u p s o 1' c v a nob : i c t e r i c a n be r e c o g n i / e d on t h e 
b a s i s o f e i t h e r Ticiximum s a l i n i t y t o l e r ¿ l t e d f o r g r o w t h 
o r c l a s s o t dc^m i na n t o r g a n i c osmo r e g u I ¿i t o r y s o l u t e . S t r a i n s 
w i t h r e s t r i c t e d s ¿i 1 t t o l e r a n c e ¿ic c u m u l a t e o n l v s a c c h a r i d e s . 
strains with extended salt tolerance accumulate glucosyl-
glycerol, while the most sa11-tolerant strains accumulate 
quaternary nitrogen compounds. The ability of the different 
organic osmoregulatory solutes to remain non-inhibitory, 
when present at high concentration, partly accounts for 
the salt tolerance of the different strains. 
Although there was q good correlation of salinity of 
environmental source with salt tolerance and osmoregulatory 
solute of the strains examined in this study, most strains 
were euryhaline indicating that most cyanobacteria can 
survive in a number of environments of different salinitv. 
Regardless of the source of the isolate, strains which 
accumulated glucosylglycerol as their dominant organic 
osmoregulatory solute showed optimal growth at increased 
salinity (10-30g.l ^ NaCl), indicating an adaptation to a 
saline environment. The most sa 11-tolerant cyanob'-rxteria 
can be called moderately halophilic, show optimal growth 
at 60-90g NaCl per litre, and accumulate glycinebetaine 
alone as their dominant organic osmoregulatory solute. 
The increasing number of non-marine sources reported 
for ulucosv1glvccrol-accumulating strains weakens a prcx'ious 
proposal (iMacKav ct a 1,1983) that these strains represent 
¿i distinct "marine" group. 
Because the class of organic osmoregulatory solute 
reflects salt tolerance, and vice versa, the ability to 
accumulate a particular combination or class of organic 
osmoregulatroy soIute|sis a physiological trait which can 
be used in the classification of Cyanobacteria. The concept 
of speciation according to the salinity of the environmental 
source introduced by Geitler (1932) may now be examined 
using this physiological trait, rather than by relying 
on judgements about the saline nature of a poorly described 
environmental source. 
During hyperosmotic shock in the dark Synechococcus 
NlOO is unable to accumulate its organic osmoregulatory 
solute(glucosvlglycerol), just as has been reported for 
other cvanobacteria, indicating that this may be a general 
response among cx'anobacteria. In the light Synechococcus 
NlOO svnthesises glucosyIglycerol rapidly from photosynthate 
which accounts for about 90^ of the increase in this 
osmoregulatory solute; the remaining 10^ comes from intra-
cellular carbon reserves, presumably glycogen. Osmotic 
equilibrium is achieved well within one generation time. 
During the pe r i od u f osmo t i c ad jus t men t follovx?ing hvperosmotic 
shock coniribut:' > • from intracellular carbon can c.hus.'̂  changes 
in the rclatix^e ratios ol" i so t opHirnc r s ol g 1 uc o s 1 g I \cc r o 1 • 
The sourco of this intracellular carbon ma\' be r c s p i r a t i on 
C-if 1 XC^M'LMI ill liiiht. 
The presence of glycinebetaine in cyanobacteria has 
13 had to be confirmed using C nuclear magnetic resonance 
spectroscopy (Pavlicek & Yopp,1982; Reed et al,1984b). 
13 
C nmr spectroscopy appears to be one of the best assay 
methods for determining all the dominant water-soluble 
organic osmoregulatory solutes in cyanobacteria. 
The use of a quantitative salinity tolerance system 
based on the maximum salinity tolerated for growth and the 
ability to assay all dominant organic osmoregulatory 
solutes has enabled me to demonstrate the close relationship 
between salinity tolerance and the class of osmoregulatory 
solute accumulated by cyanobacteria. The ability to classify 
Cyanobacteria by the different classes of organic osmo-
regulatory solutes accumulated, is a useful new tool 
for taxonomy which is still trying to differentiate coherent 
physiological groups among Cyanobacteria. 
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APPENDIX 1. 
Work from this thesis already published: Mackay e t a I , (1981) 
M a t e r i a l p r e s e n t e d at the X I I I I n t e r n a t i o n a l B o t a n i c a l C o n g r e s s 
( M a c k a y et ai , I98I ) . 
Abs tract : 
fORGANIC'COMPOUNOS"AS O S M O R E G U L A T O R Y SOLUTES IN BLUE-GREEN ALGAE 
(CYANOBACTERIA) 
Hark A . M a c k a y , Raymond S. Norton and Lesley J . Borowitzka 
R . R . I . M . P . , P . O . Box 2 5 5 , Dee W h y , N . S . W . A u s t r a l i a . 2099 
Recently '^C-NMR was e m p l o y e d to show that the major organic 
o s m o r e g u l a t o r y solute in the m a r i n e u n i c e l l u l a r cyanobacteriurn 
S y n e c h o c o c c u s NlOO is 2 - 0 - a - D - g 1 u c o p y r a n o s y 1 g 1 y c e r o l . Using the 
same technique we have now e x a m i n e d a large number of cyanobac-
t e r i a . They all a c c u m u l a t e low m o l e c u l a r w e i g h t o r g a n i c solutes 
In response to salt stress. We have a l s o partly c h a r a c t e r i s e d 
various m e c h a n i s m s of o s m o r e g u l a t i o n e m p l o y e d by c y a n o b a c t e r i a . 
freshwater isolates use the disaccharI des trehalose and/or 
sucrose as their major o r g a n i c o s m o r e g u l a t o r y s o l u t e s . These 
dIsaccharI des are poor c o m p a t i b l e s o l u t e s , that is at high con-
jcentrations they inhibit e n z y m e f u n c t i o n . This w o u l d a c c o u n t , at 
(least p a r t l y , for their limited salt t o l e r a n c e . All marine isoi-
|ates a c c u m u l a t e only a - g 1 u c o s y 1 g 1ycerol as their major organic 
josmcregulatory solute. All e x t r e m e l y sa 1t-to 1erant Isolates 
I tested a c c u m u l a t e a m e t h y l a t e d q u a t e r n a r y a m m o n i u m c o m p o u n d , even 
lat low salt c o n c e n t r â t ions.This c o m p o u n d Isusually g 1ycInebetaine 
.which has been shown to a l l e v i a t e salt inhibition of enzymes in 
higher p l a n t s . They also a c c u m u l a t e e i t h e r t r e h a l o s e , trehalose 
I and s u c r o s e , or giutamate in response to salt s t r e s s . One salt 
lake isolate, S y n e c h o c o c c u s N I 6 3 , a l s o a c c u m u l a t e s relatively 
high c o n c e n t r a t i o n s of i norgan i c ions. 
Talk: 
ORGANIC COMPOUNDS AS OSMOREGULATORY SOLUTES IN 
BLUE GREEN ALGAE ( CYANOBACTERIA ). 
Mark A. Mackay, Raymond S. Norton & Lesley J. Borowitzka. 
Presented at the XIII International Botanical Congress, 
Sydney, Australia, 
21-28 August, 1981. 
at the Symposium on " Taxonomic Concepts in Blue-Green Algae" 
I hope we now a l l appreciate that there 
i s a d i f ference between nomenclature and taxonomy; NOMENCLATURE 
serves to NAME a taxonomic group not e s t ab l i s h the s i m i l a r i t y 
among i nd i v i dua l s in the group. The views expressed that the 
pub l i ca t ion of a l i s t of approved names for blue-green algae 
would be too author i ta t i ve and r e s t r i c t i v e , and would lead 
to confus ion with two sets of names being used, concern 
nomenclature. Last week, the Bureau of Nomenclature decided that 
l i v i n g cu l tures would NOT be used for the nomenclature of 
algae under the Botanical Code. This s i t ua t i on w i l l hold for 
the next s i x year s . Today, a l l of us here are concerned about 
TAXONOMY. 
Some workers have implied that " species " 
i s almost an impossible concept in " Cyanophyta " , and that 
the establ ishment of a taxonomy of blue-green algae based 
on the phys io log ica l c ha rac te r i s t i c s of axenic cu l tu res , 
may not be appl icable to the detennination of species 
encountered in natural populat ions , and may even discourage 
eco log ica l research. In short , they fear that such a 
taxonomy w i l l use i n s u f f i c i e n t characters that are readi ly 
determinable in f i e l d mater ia l , and so the recogni t ion of 
species in natural populat ions w i l l be imposs ible. Since 
we are a l l concerned with species as they occur in nature, 
such a s i t u a t i o n i s untenable, so many of us prefer to 
work with a par t ly adequate system rather than be unable to 
deal with the s i t ua t i on at a l l . 
The f i gh t to reta in even a part ly 
adequate system, manifests i t s e l f now^in the f i gh t to 
reta in spec ia t ion c r i t e r i a whicii are determinable in f i e l d 
mater ia l . To date^such c r i t e r i a are based l a rge l y on 
morphology, which, as we a l l know only ^ w e l l , changes 
under d i f f e ren t environmental cond i t ions . S t i l l , a s we heard 
from Pro fes so r G e i t l e r ' s t a l k , i f a var iab le character 
i s a response to environmental f a c t o r s , i t may s t i l l be a 
taxonomical ly u se fu l l character; e spec i a l l y i f we know 
the environmental parameters ^ at the s i t e of c o l l e c t i on 
of a specimen. We need then, to know the va r i a t i on in response 
to the environmental parameters, be able to measure the 
environmental parameters, and to assay the state of the 
alga. 
Ray Norton, Lesley Borowitzka and 
myself have been working on the va r i a t i on in response of 
b lue-green a l g a ^ o the environmental parameter,sal i n i ty. 
Our r e s u l t s suggest that the response of blue-green algae 
to s a l i n i t y w i l l be an important factor in grouping l i ke 
organisms, in d i s t i n g u i s h i n g between d i s s i m i l a r organisms 
which have s i m i l a r morphology, and, w i l l be a response 
e a s i l y measurable in f i e l d mater ia l . 
We have tested twenty e ight blue-green 
algae and found tha t , i n a l l cases,the i n t r a c e l l u l a r 
concentrat ion of one or more organic so lutes increased 
p ropo r t i ona l l y to an e x t r a c e l l u l a r increase in NaCl 
concentrat ion. In a l l cases the s a l i n i t y range to lerated 
for growth of the blue-green alga corre lated with the 
type of organic osmoregulatory so lute accumulated. Typ i ca l l y , 
i s o l a t e s from marine habi tats can grow in s a l t so lu t ions 
from near freshwater to 6%(w/v)NaCl, but u sua l l y f a i l to 
grow at 10%(w/v)NaCl. These marine i s o l a t e s a l l accumulate 
the novel s o l u t e , a - g l u c o s y l g l y c e r o l , as t he i r dominant 
so lub le organic compound; a - g l u co s y l g l y ce ro l i s a heteroside 
composed of glucose l inked to g lycero l in an l inkage. 
- ^ - i s ^ 
Small quant it ies of saccharides were found in some marine 
i so lates grown at around 1.5jf(w/v)NaCl, but above that 
concentration a -g lucosy l g l yce ro l i s present as the only 
solute detectable above about 30 mi l l imola l . 
Non-marine i so lates fa l l into two broad 
groups. The f i r s t group, which we have called "freshwater", 
includes those i so lates which grow in freshwater and in 
s a l t so lut ions up to 4%(w/v)NaCl. Al l these i so lates 
accumulate disaccharides, sometimes in combination with 
monosaccharides. The second group we called " sa l t - to le rant " 
and includes those i so lates able to grow in brackish water 
and in so lut ions with more than 10%(w/v)NaCl. Al l these 
i so lates accumulate a quaternary nitrogen compound as part 
of the i r osmoregulatory machinery, and usual ly also accumulate 
some of the same disaccharides used by the freshwater group. 
In general, the s a l i n i t y range of an 
i so late in culture correlated with the s a l i n i t y range expected 
of i t s habitat. The blue-green algae we have termed marine 
l i ve in stenohaline habitats : wet areas of reasonably 
constant s a l i n i t y , not normally subject to excessively 
high or low sa l t s t re s s . The more sal t - to lerant blue-green 
algae have been i so lated from euryhaline habitats: environments 
which are normally subject to wi dely f1uctuati ng sa l t 
concentrations. 
Simply then, the s a l i n i t y regime of the 
habitat i s generally ref lected in the s a l i n i t y growth range 
of i so la tes from that habitat, and the s a l i n i t y growth range 
of the i so late indicates what organic compounds are used by 
the alga in coping with the s a l t s t re s s . 
A few examples w i l l show we are able to 
d i s t i n g u i s h between d i s s i m i l a r o r gan i sms ,wh i ch neve r t he l e s s 
sha re the same morphology and mode o f r e p r o d u c t i o n . Three 
rod - shaped a l gae tha t d i v i d e i n o n l y one p l ane , and that 
would be c a l l e d Synechococcus s p e c i e s u s i n g the system o f " 
R i p p k ^ t al are e a s i l y d i s t i n g u i s h e d ; one grows from 0-4%(w/v)NaCl 
and accumulates s u c ro se , one grows form 0-10%(w/v)NaCl and 
accumulates a - g l u c o s y l g l y c e r o l , the o t he r grows from 
1 .3 to at l e a s t 15%(w/v)NaCl and accumulates g l y c i n e b e t a i n e . 
These three i s o l a t e s have been named u s i n g the Bo tan i ca l 
Code o f Nomenclature; the f r e s hwa te r i s o l a t e i s Anacystis 
nidulans ^ the marine i s o l a t e i s Agmenellym quadruplicatiun, 
the s a l t - t o l e r a n t i s o l a t e Aphanothece Ji.alophytica. So 
i s o l a t e s w i th the same morphology and capable of growth over 
same 
t h ^ s a l i n i t y range[l.3-4%(w/v)NaCl), are e a s i l y d i s t i n g u i s h e d . 
However, i s o l a t e s w i th d i f f e r e n t morpho logy, but from the 
same env i ronment , may be grouped a cco rd i n g to t h e i r 
o smoregu l a to r y s o l u t e s and s a l t - t o l e r a n c e ; rods which 
d i v i d e i n on ly one plane [Syjiechococcus or Agrv.enellum^ s a y ) , 
cocc i d i v i d i n g i n two p lanes [Synechocystis or Eucapsis, s a y ) , 
s t r a i n s d i v i d i n g to g i v e more than two daughter c e l l s (o r endospores ) 
{Myxosarcina ) and f i l amentou s b l ue - g r een a lgae [Phornndiwn) 
i s o l a t e s 
are a l l mar in^ , a l l accumulate a - g l u c o s l y g l y c e r o l in response to s a l t 
s t r e s s -
So,we have a s i t u a t i o n where d i f f e r e n t o r gan i sms , 
which might be found i n the same s a l i n i t y and which share the same 
morpho logy , can be s epa r a t ed , wh i l e o rgan i sms wi th d i f f e r e n t morphology 
can be r e cogn i s ed as b e l o n g i n g to the same h a b i t a t . The type o f 
o smo regu l a t o r y s o l u t e accuiDulated a l l o w s us to detemiine the natu ra l 
h a b i t a t , i n tenns o f s a l i n i t y , o f the a l g a . 
- 5 - ' S V 
S a l i n i t y i s only one environmental parameter, the 
knowledge of how blue-green algae vary in response to other dominant 
environmental parameters w i l l , no doubt, prove to be useful in taxonomy. 
Only when we have a good working taxonomy need we be concerned about 
what system should be used to actual ly NAME the taxa. Until then, 
I feel we need no longer ask "Are the dominant character i s t ics of an 
alga in the f i e l d more important than character i s t ics in cu l ture? " . 
We can s ta te , . in s tead, that for a va l id taxonomic system to be useable, 
i t needs to be applied to those dominant character i s t ics which provide the 
basis for speciat ion in nature. 
Rippka,R., Deruelles , Waterbury,J.B., Herdman,m. & Stanier,R.Y. ( 1979). 
Generic Assignments, Stra in Histor ies and Properties of Pure 
Cultures of Cyanobacteri a. Jouryial of Gmeral r'icrohiologi^, 111, 1-61 
APPENDIX II. 
I'Jor k from this thesis already published; Mackay et a I,(l 98 3). 
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Marine Blue-Green Algae Have a Unique Osmoregulatory System 
M . A . M a c k a y * , i i . S . N o r i o n * * a n d L . J . B o r o w i t z k a * * * 
Roche Research Inst i tute of Mar i ne IMiarinacoht^y: P .O . Box 255, Dee Why , New South Wales 2099, Australia 
Abstract 
Cu r ren t l y , b l u c-g rccn a l g ae a rc c lass i f ied as e i ther iVesh-
watcr o r m a r i n e d e p e n d i n g o n the i o n i c r e q u i r e m e n t s o f 
the stra in , no t o n the t ype o f h a b i t a t f r om w h i c h the s tra in 
was iso la ted . A s a resul t m a n y s t ra ins i so la ted f r om sa l i ne 
e n v i r o n m e n t s a re c lass i f ied as f reshwa te r stra ins. N e w pa-
rameters were s o u g h t w h i c h m i g h t cor re la te be l te r the 
phys io logy o f m a r i n e s t ra ins w i t h the i r h ab i t a t . Th i s s t udy 
reveals tha t b l ue-green a l g a e i so la ted f r om the m a r i n e en-
v i r o n m e n t h a v e a u n i q u e o s m o r e g u l a t o r y system w h i c h 
d is t ingu ishes t h e m as a c ohe ren t p hys i o l o g i c a l g r o u p , dis-
tinct f r om b lue-oreen a U a e i so la ted f r om n o n - m a r i n e hab i-O 
tats. T h e " m a r i n e " b lue-green a l g a e can be i den t i f i ed by 
their ab i l i t y to .synthesise a n d a c c u m u l a t e 2-0-«-D-g lu-
copyrano.sy lg lycero l ( g l u cosy l g l y cc ro l ) , a m a j o r o smo regu-
latory c o m p o u n d , a n d by the i r rc i a ted ab i l i t v lo g r o w in 
•scawater-based m e d i u m w i th tota l m a x i m u m N a C l o f 6 lo 
11% ( w / v ) . These t w o p rope r t i e s a l l o w a m o r e r i gorous 
de fm i t i o n o f " m a r i n e " t h a n the c u r r en t m e t l i o d o f classifi-
cat ion . 
I n i r o d u c t i o n 
Blue-green a l g ae ( c y a n o b a c t e r i a ) c t ) ion ise a w i d e r ange o( 
aqua t i c hab i t a t s , a n d recent ly these m i c r o o r g a n i s m s h ave 
been f o u n d in the o p e n o c e a n in suf i ' ic ient cell dcns i l i c s lo 
be cons i de red i m p o r t a n t p r i m a r y p r o d u c e r s in the sea 
(.lohn.son a n d S i e b u r t h . 1979; W a t e r b u r y a a/. , 1979). 
However , the l a . xonom i c s ta tus o f m a r i n e b lue-green a l gae 
is not c lear . T h e t a x o n o m i c a s s i g n m e n t o f f ield s p e c i m e n s 
* Prcsonl atidrcss: D e p a r t m e n t ol" B io logy , Univers i ty o f Wi)l-
lonsiong. P .O . Box 1144. Wo l iongonsz . N e w Sou th Wa l e s 
A'uslral ia 
** Present address: Sei iool o!" B iochen i i s l ry . l lni\ersily <«1 New 
Sou th Wa l e s . i ' .O . B<\\ 1. Kens i n g t on . N e w S o u l h Wa l e s 
2033. Aus t ra l i a 
Present address: Koehe Al i ia l Bii>teehnolog\. c Selun>l ol 
I-,n\ironniental l-ifc Seienees. Mu rdoe i i i ' i i i\ersiu , M u i -
doeh . Wes te rn Aus t ra l i a 61.^0. Aus t ra l i a 
is t r ad i t i o na l l y based o n m o r p h o l o g i c a l character is t ics . 
These character is t ics can vary w i t h e n v i r o n m e n t a l con-
d i t i ons ( S t a m a n d M o l l e m a n . 1975; R i p p k a eta/.. 1979). 
a n d it is a p p a r e n t that o f ten severa l g e n u s a n d species 
n a m e s h ave been used for o n e a lga ( S t a m , 1980). Conse-
quen t l y , cons is tent features o f ac t ive ly g r o w i n g cu l tu res are 
n o w b e i n g inves t iga ted to d e t e r m i n e w h e t h e r they are use-
ful a ids in the t a x o n o m y o f the g r o u p ( R i p p k a et al.. 1979). 
E x a m i n a t i o n o f o n e feature exh i b i t e d by s o m e cu l tures 
has lead to the p roposa l tha t m a r i n e b lue-green a l gae can 
be d i s t i ngu i shed f rom al l n o n - m a r i n e b l ue-green a l gae by 
their " e l eva t ed g r ow th r e q u i r e m e n t s " ( W a t e r b u r y . 1976; 
S l a n i e r a n d Co l^en-Baz i re , 1977) for M g ^ ^ K ^ a n d 
C l ^ a n d bv an ob l i g a t e r e q u i r e m e n t for Na"^. These are 
the on l y traits p r opo sed lo d i s t i ngu i sh m a r i n e f rom non-
m a r i n e b lue-green a lgae . Th i s has lead to the a n o m a l o u s 
s i l u a l i o n in wh i c h s o m e b lue-green a lgae i so la ted f r om sea-
water are classi i led as f reshwater stra ins, wh i l e o thers 
isolated f rom sail lakes are c lass i l ied as m a r i n e ( R i p p k a 
c i a l . . 1979). 
B o r o w i i / k a ci al. (1980) e x a m i n e d the o s m o r e g u l a t i o n 
svs lem a n d the c on sequen t salt t o l e rance o f o n e b lue-green 
al i ia l cuUuic {Svnccl!(>coccu.\ S t ra i n N 100). W e h ave extend-
ed their s l udv . a n d h ave e x a m i n e d the m a j o r o r g an i c os-
n u n c g u l a U H v so lu lcs a n d salt t o l e rance ranges o f blue-
iireen a lga l cu l tures iso la ted f rom m a r i n e a n d o t he r a q u a t i c 
e n v i r o n m e n t s . .All the b lue-green a l gae e x a m i n e d a c c u m u -
late o r g a n i c o s m o r e g u l a t o r y so lu te (s ) a n d the type o f so-
lute(s) a c c u m u l a t e d is c losely cor re l a ted w i t h N a C l ttMer-
ance in cu l ture . I ' u r t he r . the type o f o r g a n i c o smoregu l a-
tory so lu te a nd the sa l in i ty t o l e rance for g r ow t h can bi->th 
be used \o i den l i f v those b lue-green a l gae w h i c h are ma-
rine. 
M a t e r i a l s and M o l l i o d s 
O r i g i n s o f C u l t u i c s 
I a b l e 1 l ists t h e 2S i so l a t es s t u d i e d , i n d i c a t i n g a l l k n o w n 
h a b i t a t s ( i f t h e i s o l a l c s . I n f o r m a t i o n o n t h e h a b i t a t s o l ' t h e 
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Table 1, Blue-green algae tested. A C M M : Austral ian Collection of Mar ine Microorganisms (Sir George Fisher Centre for Tropical Ma-
rine Studies, J a m e s Cook University, Queens land 4811, Austral ia); PCC: Pasteur Cul ture Collection (Instilut Pasteur, 28, rue du Doctcur 
Roux, Paris 75015, France) ; U T E X : Cul tu re Collection of Algae at the University of Texas (Austin, Texas 78712, USA). The various cul-
ture collections assigned diiTerent names to the isolates. Designat ion used by Rippka el al. (1979) is given in each case, sincc the Pasteur 
Cul tu re Collection (PCC) , described by these authors , was the direct source of many of the cultures; ronian numerals in parentheses aO.cr 
PCC designat ions are the 5 sections dist inguished by Rippka el al. from differences they found in structure and development of blue-green 
algae. N a m e s o ther than those given by PCC are from either the cul ture collection which was source of the strain ( A C M M or UTEX) or 
were names of strains wiien P C C acquired them. Strains received from PCC have PCC strain numbers ; strains received from UTEX have 
U T E X strain number s ; o ther strains were from A C M M 
Strain No. 
A C M M U T E X P C C 
Designat ions given by cul ture collections or isolators 
























Syneclwcoccus sp. (I) 
7 202 Synechococcus s p . ( I ) 
Synechococcus s p . ( I ) 
Synechococcus sp. (I) 
7 002 Synechococcus sp. (I) 
6 301 Synechococcus sp. (I) 
Synechococcus sp. (I) 
Synechococcus s p . ( I ) 
Synechococcussp.(I) 
6 714 Synechocystis sp. (I) 
6 906 Synechocystis sp. (I) 
6 701 Synechocystis sp. (I) 
6 308 Synechocystis sp. (I) 
Gloeolhece sp. (I) 
6 605 Chamaesiphon sp. (I) 
Crioeocapsa sp." (I) 
7 312 Myxosarcina sp. (II) 
Derniocarpa sp. (II) 
N113 7 375 LPP group (III) 
Order : Chroococcales 
Family: Chroococcaceae 
Synechococcus sp. Nägeli 
Synechococcus cedrorum Sauvageau 
Synechococcus sp. Nägeli 
A nacyslis marina (Hansgirg) Droue l & Daily 
Agntenellum quadrupicalum de Brébisson 
A nacyslis nidulans 
(Richtner) Drouet & Daily 
Coccochlorispeniocyslis Droue l & Daily 
Aphanothece halophylica Frémy 
Aphanolhece halophylica Frémy 
Aphanocap.sa sp. Nägeli 
Eucapsis sp. Clements & Shant/, 
Aphanocapsa strain " H A " Nägeli 
Gloeocapsa alpicola Bornet 
(jloeocapsa sp. Kützing 
N o other name known 
Chroococcus sp. Nägeli 
Order : Chaemaesiplionales 
Family: Pleurocapsaceae 
Myxosarcina sp. Printz 
Family: Dcrmocarpaceae 
Derniocarpa sp. Crouan & Crouan 
Order : I lormogonalcs 
Family: OsciIla(oriaceae 









(R. A. Lewin) 










Coastal salt lake: 














Coastal salt lake: 
Hütt Lagoon. 
Australia 
Snail shell; intertidal: 
Puerto Peñasco, 
Mexico 





Woods Hole, USA 
Tenta t ive identification 
M. A. M a c k a y et al.: M a r i n e B l u e - G r e e n Algae H a v e a U n i q u e O s m o r e g u l a t o r y System 
Table 1 ( c o n t i n u e d ) 
Strain No . Des igna t i ons given ^ cu l tu re collect ions or isolators 
A C M M U T E X P C C P C C O t h e r than P C C 
Original hab i ta t 
of isolate 
N182 L P P g r o u p (III) Phormidium sp. Kiitzing In ter t ida l rock: 
Long Reef, Austral ia 
Family: Scytonemalaccae 
N109 1 542 L P P g r o u p (III) Pleclonema boryammi Gomont Habi t a t u n k n o w n 
N112 L P P g r o u p (III) Pleclonema tomasinianum (KUtzing) Bornet Supra l i t to ra l algal mat : 
H inch inb rook Island, 
Austra l ia 
N103 7 601 Calothrix sp. (IV) Fremyella diplosiphon Habi t a t u n k n o w n 
(Borne t & F lahau l t ) Droue t 
N 1 I 7 7 101 Calothrix sp. (IV) Tolypothrix temds Kiitzing Soil: Borneo 
Family: Riviilariaceae 
N181 Calothrix sp. (IV) Calothrix parasitica Agardh Supra l i t tora l m a n g r o v e 
p n e u m a t o p h o r e : 
H inch inb rook 
Is land, Austra l ia 
N201 7 426 Calothrix (IV) I.sac lis sp. Thuret Fla t tened thal lus on 
rock, inter t idal zone: 
Banyuls -sur -Mer , 
F r a n c e 
Family: Nostocaceae 
N 1 I 5 7 122 Anabaena sp. (IV) Anabaena cylindrica Lemmerman Freshwa te r p o n d : 
C a m b r i d g e , U K 
Family: Stiyonemataccac 
N 1 Í 6 6 9 1 2 Chlorogloeopsis sp. (V) Chlorogloeafritschii Mitra Soil: A l l a h a b a d , India 
cu l tu re s w e o b t a i n e d f r o m t h e P a s t e u r C u l t u r e C o l l e c t i o n 
was very s can ty . F o r e x a m p l e , in m a n y cases P C C m a d e n o 
d i s t inc t ion b e t w e e n i n t e r t i d a l a n d s u p r a l i t t o r a l h a b i t a t s , 
i n f o r m a t i o n o n t h e h a b i t a t s o f c u l t u r e s i so l a t ed by us is 
m o r e d e t a i l e d ; w e h a v e t r ied to a c c u r a t e l y c h a r a c t e r i z e t he 
h a b i t a t s f r o m w h i c h t h e s e c u l t u r e s w e r e i s o l a t e d . 
a n ex t ra 1.5% ( w / v ) N a C l for s t r a ins g r o w n in M e d i u m 
B G - 1 1 , an ex t r a 2.4% ( w / v ) N a C l for s t r a i n s g r o w n in 
M e d i u m / , a n d a n e x f r a 2 o r 6% ( w / v ) N a C l fo r s t r a ins 
g r o w n in M e d i u m / + 2 . 4 % ( w / v ) N a C l . A f t e r t he a d d i t i o n 
o f f r esh m e d i u m a n d ex t r a N a C l , the c u l t u r e s w e r e in-
c u b a t e d for 2 d in l ight , a n d t h e n h a r v e s t e d . 
L a r g e - V o l u m e C u l t u r e s fo r N M R D e t e r m i n a t i o n o f 
O s m o r e g u l a t o r y S o l u t e s 
T h o s e i so la tes w h i c h w e r e c e i v e d in f r e s h w a t e r m e d i a w e r e 
g r o w n in M e d i u m B G - 1 1 wi th V i t a m i n B,2 ( S t a n i e r <?/«/., 
1971); t h o s e r e c e i v e d in s e a w a t e r m e d i a w e r e g r o w n in 
M e d i u m / ( G u i l l a r d , 1963), w i th a m m o n i u m fer r ic c i t r a t e 
r ep l ac ing F e s e q u e s t r e n e , wi th M g N a i E D T A at 30 m g 
a n d o m i t t i n g N a z S i O j • 9 I Í2O. I so la t e s d i s p l a y i n g ve ry 
good g r o w t h a t sa l t c o n c e n t r a t i o n s h i g h e r t h a n t h a t o f sea -
wa te r (36%o S) w e r e g r o w n in M e d i u m / + 2 . 4 % ( w / v ) 
N a C l . 
T h e 20- l i t r e c u l t u r e s w e r e g r o w n a t 2 2 ° C ± 2 C ° . L i g h t 
at the s u r f a c e o f t he c u l t u r e vessel w a s s u p p l i e d by coo l -
whi t e f l u o r e s c e n t t u b e s (14 to 57 ^ E m"^ s " ' ) . I n c r e a s e d 
light i n t e n s i t y i m p r o v e d g r o w t h as t he c u l t u r e d e n s i t y in-
c r ea sed . W h e n c u l t u r e s a t t a i n e d a d e n s i t y o f 1 to 2 g T ' w e t 
cell w e i g h t , 10 l i t res w e r e h a r v e s t e d a n d t he r e s u l t i n g cell 
pe l le t f r o z e n . F r e s h m e d i u m a n d N a C l w e r e a d d e d to t he 
r e m a i n i n g 10 l i t res o f e a c h c u l t u r e : t h e s e c u l t u r e s r e c e i v e d 
I d e n t i f i c a t i o n a n d Q u a n t i t a t i o n o f O r g a n i c S o l u t e s 
by N a t u r a l A b u n d a n c e ' ' C N M R S p e c t r o s c o p y 
F r o z e n cell pe l le t s f r o m l a rge - sca l e c u l t u r e s w e r e d i s r u p t e d 
b y f r eez ing , t h a w i n g , a n d e x t r u s i o n f r o m a F r e n c h P r e s s u r e 
Cel l o p e r a t e d at 1 125 k g / c m ^ a t a p p r o x i m a t e l y 4 ° C . Cel l 
d e b r i s was r e m o v e d by c e n t r i f u g a t i o n a n d w a s h e d twice 
wi th dis t i l led w a t e r . T h i s p r o c e d u r e e n s u r e d tha t a l m o s t all 
low m o l e c u l a r w e i g h t o r g a n i c s o l u t e s w e r e r e l eased f r o m 
the cell pe l le t ( n o n e was v is ib le in " C N M R s p e c t r a o f the 
cell deb r i s ) . T h e c o m b i n e d s u p e r n a t a n t s w e r e f r e e z e - d r i e d 
a n d r ed i s so lved in a s m a l l v o l u m e o f D2O. 
T h e ' ^ C N M R t e c h n i q u e used h e r e is m o r e sens i t ive 
t h a n the t e c h n i q u e u s e d by B o r o w i t z k a ef al. (1980) , w h i c h 
d e t e c t e d f ree o r g a n i c c o m p o u n d s in the c y t o p l a s m at c o n -
c e n t r a t i o n s g r e a t e r t h a n 0 .03 m o l a l . S p e c t r a w e r e r e c o r d e d 
at 15.04 M H z as d e s c r i b e d p r e v i o u s l y ( B o r o w i t z k a ei al., 
1980), w i th a 4 0 0 0 H z s p e c t r a l w i d t h , 8 192 t i m e - d o m a i n 
a d d r e s s e s , a n d 1 5 / / s ( 6 0 ° ) r a d i o - f r e q u e n c y p u l s e s a p p l i e d 
at 1.6 s in te rva l s . 
N a d T o l e r a n c c T e s t 
Media 
M e d i u m I K M I ( S t a n i c r ct aL. I 9 7 I ) w a s m o d i i l e d for 
c u l t u r e s r e c e i v e d in ( r e s h w a t e r m e d i a : it c o n t a i n e d an 
e x t r a 1 m g M g N a ^ lUYVA. 20//g V i t a m i n B ,^ a n d 1 .68 g 
N a l K ' O - i p e r l i t re m e d i u m . A n e w m e d i u m , c a l l e d M e d i -
um M , w a s d e v i s e d a n d u s e d (or c u l t u r e s r e c e i v e d in s e a -
w a t e r m e d i a ; it c o n t a i n e d all t h e n u t r i e n t s o f B ( ] - l l . as 
m o d i f i e d , pi us lO^n (\ /v) a c t i v a t e d - c l i a r c o a l - f i l t e r e d s e a w a -
ter (36%o S ) a n d a d d i t i o n s o f c h l o r i d e sa l t s to a c h i e v e s e a -
w a t e r c o n c e n t r a t i o n s ( Z o B e l l , 1 9 6 3 ) in t h e f inal m e d i u m 
for C"a2+ a n d K ^ N a C I w a s a d d e d at v a r y i n g c o n -
centrat i (Mis to o b t a i n a r a n g e o f s a l i n i t i e s for t h e m e d i a . 
( M e d i u m M , w i t h n o e x t r a N a C I a d d i t i o n s , c o n t a i n s a p -
p r o x i m a t e l y 0 . 5 % [w/v] N a C I . ) 
Inocula 
I n o c u l a for N a C l - t o l e r a n c e tests w e r e g r o w n in c i t h e r 
m o d i f i e d B G - 1 1 m e d i u m , o r M e d i u m M with a n e x t r a 2% 
( w / v ) o r 6 % ( w / v ) N a C I. 
I s o l a t e s r e c e i v e d in f r e s h w a t e r m e d i a w e r e g r o w n in t h e 
m o d i f i e d B G - 1 1 m e d i u m . M o s t i s o l a t e s r e c e i v e d in s c a w a -
tcr m e d i a ( G r o u p I. T a b l e 2 ) w e r e g r o w n in M e d i u m M 
with 2 % ( w / v ) N a C I . IstWates r e c e n e d in s e a w a t e r m e d i a 
w h i c h g r e w wel l a t sa l t c o n c e n t r a t i o n s h i g h e r t h a n s e a w a -
ter o f 36%o S ( G r o u p I I . l i a b l e 2) u e r e g r o w n in M e d i u m M 
with a to ta l o f 6 % ( w / v ) N a C I . 
Lighi 
S o m e r c d - p i g m e n t e d s t r a i n s a r c ! i g h t - s c i i s i t i \ c a m i g r o w 
best at l o w l ight i n t e n s i t i e s ( R i p p k a ci <;/., 1 9 7 9 ) , so all c u l -
tures w e r e t e s t e d at 4 d i i T c r e n t l ight i n i e n s i t i e s , o n e in e a c h 
o f the f o l l o w i n g r a n g e s : 7 to 9 . 2 0 lo 2 2 . 2(S to 35 a n d 4 0 to 
57 nil m " - s ~ ' . 
Growl h 
T e s t - t u b e c u l t u r e s o f 2 0 ml w e r e grcnvn at 2 2 " C ^ ± 2 ( ^ ° 
with a e r a t i o n . G r o w t h u a s d e t e r m i n e d v i s u a l l y for all 
i s o l a t e s . O n l y c u l t u r e s u h i c h s h o w e d an incrcusc in ce l l 
m a s s w e r e s c o r e d as p o s i i i \ e . A l l o t h e r c u l t u r e s e v e n t u a l l y 
lost all c o K ) u r , s h o w e d ce l l deca\' a n d u e r e s c o r e d as n e g a -
ti\e. S o m e c u l t u r e s g r e w b e t t e r m M e d i u m B G - 1 1 ["»lus 
1 .5% ( w / v ) N a C I t h a n in B G - 1 1 aK^nc. a n d a l s o g r e w wel l 
m M e d i u m M p l u s 2 % [ w / v ) NaC^l. I h e i r N a C I t o l e r a n c e 
w a s r e - e x a m i n e d usini i M e d i u m M as a b . i se ( ' i ' a b l e 2) . 
R e s i i K s 
S a l t T o i c r a n c e 
T a b l e 2 s u m m a r i s e s the m a x i m u m N a C I c o n e e n Ira ( i o n s at 
w h i c h all is(Walcs i i i c u . S t i a i n s u liicli >iro\>. m i U i - l I m o d i -
M . A . M a c k a y cl al.: M a r i n e B l i i c - C r c c n A l g a e F l a v e a U n i q u e O s m o r c g u l a t c ì r y S y s t e m 
r a l ) l c 2 . U p p e r N a C I l i m i t s d e t e r m i n e d in pre .sent s t u d y for 
g r o w t h o f 2 8 b l u e - g r e e n a l g a e . R e s u l t s a r e pre .sentecJ for g r o w t i i 
w i t h b ; tse m e t l i u m in wl i i c l i i n d i v i d u a l s t r a i n s g r e w b e s t ' e i t h e r 
I K M l w i t h V i t a n n n B , j ( S t a n i e r cl al.. 1 9 7 1 ) p l u s 0 . 0 2 m o l a r 
N a i l C O j , o r m e d i u m M w h i e h c o n t a i n e d t i ie s a m e n u t r i e n t l e v e l s 
a s I K M 1 b u t i n c l u d e d s e a w a t e r l e v e l s o r M g ' \ K ' a n d C a ^ * a n d a 
t o t a l o f 2 . 5 % ( w / v ) N a C I . A l l s t r a i n s w h i c h g r e w b e t t e r in B C - l 1 
h a d b e e n r e c e i v e d f r o m o t h e r c u l t u r e c o l l e c t i o n s in f r e s h w a t e r 
m e t l i a , s h o w e d g r e a t e r sa l t t o l e r a n c e in B G - 1 1 , a n d o n l y grew 
p o o r l y , i f a t a l l , in M e d i u m M . T h e s e f r e s h w a t e r s t r a i n s w e r e a l s o 
t e s t e d at \% ( w / v ) N a C I a b o v e v a l u e g i v e n in t a b l e , hut tlid not 
g r o w . C u l t u r e s w h i c h did n o t g r o w lost all c o l o u r a n d s h o w e d cel l 
d e c a y . 1 h e r e m a i n i n g s t r a i n s , w h i c h all g r e w b e t t e r in M e d i u m M 
t h a n in B ( i - 1 1, c o u l d h e sp l i t i n t o t w o g r o u p s : s t r a i n s in C J r o u p 1 
o n l y g r e w p o o r l y , i f at a l l , m M e d i u m \I wit l i a t o t a l o f l O T ( u 7 \ ) 
N a C I , a n d w o u l d n o t g r o w w i t h m o r e t h a n 1 1 % ( w / v ) N a C I : 
s t r a i n s in ( « r o u p II a l l g r e w w e l l at l O T ( w / v ) N a C I a n d g r e w m 
M e d i u m M w i t h 1,1% ( w / v ) N a C I o r i i K u e . S t r a i n s in b o t h ( i r o u p 1 
a n d ( ¡ r o u p II w e r e t e s t e d for g r o w t h al 2 % ( w / v ) N a C I a b c n e v;il-
ue siivcn in t a b l e , b u t d i d n o t i i r o w 
M e d i u m B C ; - I I M e d i u m M 
C i r o u p G r o u p II 
S t r a i n I ' o t a l S t r a i n l o t a l S t r a i n T o t a l 
N a C I N a C I N a C I 
( % . w / v ) ( % , w / v ) ( % , w / v ) 
N 1 0 5 0 N 113 6 . 0 N 1 0 7 1 3 . 0 ' 
N 1 15 1.4 N 1 8 2 6 . 0 N 1 8 1 13.2^ 
N I 5 8 2 . 4 N i l i 7 . 0 N 2 0 1 13.2' ' 
N l ( ) 3 2 . 5 N 167 7 . 0 N 1 12 13 .5" 
N I 0 4 2 . 9 N l O O 8 . 0 N 1 6 3 a 15.8 
NIOQ 2 . 9 N 106 8 . 0 N 1 6 1 15 .8 
N I O l 3 . 3 N1.S7 8 . 0 
N 102 3 . 4 N 114 8 . 0 
N I 10 3 , 4 N ! 6 6 1 0 . 0 ' 
N 1 17 4 .3 ' ' N 1 4 2 10.5'^ 
N I 1 6 4.5-^ N lOS 1 0 . 9 ' 
M i n i m a l i n c r e a s e in cc l l m a s s , i n d i c a i i n g e x t r e m e l y p o o i grov, 
at s iatec i N a C I c o n c e n t r a h o n 
um did not g r o w at N. iCI c o n c e n t r a t i o n s h i g h e r than 
(w/\ ). a n d s h o w e d s e \ e r e l v l i m i t e d g r o w t h in M e d i u m M 
o f an\' s a l m i t w 
I s o l a t e s tes ted in M e d i u m M c o m p r i s e d t w o g r o u p s : 
( i r o u p I i s o l a t e s d i s p l a \ e d m o d e r a t e s a l t - t o l e r a n c e , with an 
u p p e r l imit o!~ at least 6 % (w/\') N a C I , b u t ncMie grew at 
m o r e than 1 I ( w / \ ) N a C I ; C>roup II w a s m o r e sa l t - to l c r -
ant - all s t r a i n s i i reu at 1 3 % o r m o r e (w/\') N a ( " l . 
O r g a n i c ( ) s m o r e g u l a l o r \ - S o l u t e s 
'^C N M R s p e c t r a o f a q u e o u s c e l l - f r e e e x t r a c t s from 
G r i ) u p 1 w e r e d o m i n a t e d by r e s i n i a n c e s f r o m the hetero-
s i d e g l u c o s v l g l y c e r o l ( s e e b i g . I) . b'\er\' i s o l a t e in ( i r o u p 1 
a c c u m u l a t e d gluccis\ I g K e e r o l , a iui o n l y g l u c o s ) lgl\ccrol 
w a s \ i s i b l c in s ju-c i ra e x t r a c t s f rom this g r o u p when 
i s o l a t e s w e r e g r o w n in m e d i a c i u i l a i n i n g n u ) r e than 1.5^' 
( w / v ) N a ( 1 
In all ( i r o u p 1 isi>lates. the c o n l c n t o f g l u c o s v l g K c c r o l 
i n c r e a s e d with the N a ( ' l c o n c e n l i ; i t ion o f the iirov^ th mcdi -
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F i y . 1. Synechocyslis N 106. N a t u r a l a b u n d a n c e ' ^ C N M R . s p e e t r u n i D i ' a n a q u e o u . s e .x l rae l o f m a r i n e i s o l a t e , s l u n v i n i ; i i l u c o s v l g l y c e r o l a s 
m a j o r i ) r g a n i c s o l u t e . S p e c t r u m w a s r e c \ ) r d e d w i t h 10 0 0 0 s c a n s u n d e r c o n d i t i o n s d e s c r i b e d m " M a t e r i a l s a n d M e t l u r d . s " . C l i e i n r c a l s h i f t s 
a r e in p p m d o w n i i e l d f r i j m e . x t e r n a l t e t r a m e t h y l s i l a n e . IV-aks o c c u r a t c h a r a c t e r i s t i c r e s o n a n c e f r e c j u e n c i e s o f t h e 9 c a r b o n a t o m s o f g l u c o -
s y l g l y c e r o l . P e a k s d u e t o t e r m i n a l c a r b o n s o l ' g l y c e r o l n u ) i e t y a r e n o t r e s o l v e d . I n t e n s i t y o f t h e p e a k s r e l l e c t s a m o u n t o f s o l u t e p r e s e n t . 
L a c k o l o t h e r p e a k s i n d i c a t e s t h a t n o o t h e r o r g a n i c s o l u t e s w e r e p r e s e n t a t c o n c e n t r a t i o n a b o v e l i m i t o f d e t e c t i i i n o f t h e a s>av 
u m . l i a c h i s o l a t e w a s t e s t e d in a t l eas t twt) N a C l a ) n c e n t r a -
t iot is : o n e c o n t a i n i n g a p p r o x i m a t e l y 2 . 8 % ( w / v ) t o t a l 
N a C l , a n d t h e o t h e r e i t h e r 5 .2 o r 1 2 % ( w / v ) t o t a l N a C l . 
S i n c e t h e i n c r e a s e in t h e c o n c e n t r a t i o n ol~ g l u c o s y l g l y c e r o l 
w a s o f t h e Siinie o r d e r o f m a g n i t u d e a s t h e i n c r e a s e m 
N a C l c o n c e n t r a t i o n , g l u c o s y l g l v c e r t ^ l m u s t c o n s t i t u t e a n 
i m p o r t a n t o s m o r e g u l a t o r y s o l u t e in al l G r o u p I b l u e - g r e e n 
a l g a e . 
S t i a i n s o t h e r t h a n t h o s e in G r o u p I d i d n o t a c c u m u l a t e 
g luc( . ) sy lg lycero l , r e g a r d l e s s ol ' t h e m e d i u m m w h i c h t h e y 
w e r e g r o w n . R a t h e r , t h e y c o n t a i n e d s i m p l e s u g a r s a n d / t ) r 
c p i a t e r n a r y n i t r o g e n c o m p o u n d s a s o s m o r e g u l a t o r v s o l u t e s 
( M a c k a y , N o r t o n ^ind B o r o w i t z k a . in p r e p a r a t u ) n ). 
.-Mthouh^h i n o r g a n i c i o n s c o n t r i b u t e d to t h e i n t r a c e l l u l a r o s -O C 
m o t i c p r e s s u r e o f al l g r o u p s o f b l u e - g r e e n a l g a e , t h e i r n a -
t u r e a n d ro l e h a v e n o t b e e n c o n s i d e r e d h e r e . 
D i s c u s s i o n 
In i s o l a t e s o f G r o u p ! ( T a b l e 2), t h e s v i u h e s i s a n d a c c u m u -
l a t i o n o f g l u c o s y l g l \ c e r t ) l a r e l i n k e d w i t h t h e a b i l i t y to 
gr t )w we l l in " m a r i n e " m e d i u m w i t h 6 ' r ( w / v ) N a C l b u t 
f a i l u r e to g r o w a t m o r e t h a n 11% ( w / v ) N a C l . N e i t h e r 
t h o s e i s o l a t e s w h i c h h a d a n u p p e r l i m i t cif i )n ly ^ 4 . 5 % 
( w / v ) , n o r t h o s e w h i c h t o l e r a t e d = LV^ ( u / \ ) N a C l , a c -
c u m u l a t e g l u c o s y l g l v c e r o l . W e i n f e r t h a t b l u e - g r e e n a l g a e 
f r o m ( î r o u p I h a \ e a b i o . s y n t h e t i c p a t h w a y fo r g l u -
c o s y l g l y c c r o l w h i c h is e i t h e r a b s e n t o r i n c o m p l e t e m t h e 
o t h e i g rc )ups . W e f u r t h e r s u g g e s t t h a t t h e f u n c l i o n i n g a n d 
con l r t ) l o f t h i s p a t h \ \ a \ is r e l a t e d to t h e r a n g e o f m a . x i i i u i m 
s a l i n i t ) t o l e r a t e d b \ s l t a i n s o f t h i s g r o u p , a n d c. in b e u s e d 
as a d i s l i n i j u i s h i n i ; f e a t u r e o i ' n u i n n c b l u e - ' j , r c e n a k - a c . 
In ' g e n e r a l , t h e s a l i n i t y t o l e r a n c e o f e a c h i s o l a t e t e s t e d is 
c o r r e l . i t e d w i t h t h e s a l i n i t y r a n ^ e o f t h e h a b i t a t f r o m w h i c h 
It w a s i s o l a t e d . 
I 'he l i l u e - g r e e n a l g a e f r o m p h y s i o l o g i c a l ( i r o t i p I e i t h e r 
l ive m a s a l i n e w a t e r c o l u m n o r a r e a t t a c h e d to s u r f a c e s 
w h i c h a r e c o n s t a n t l v w a s h e d w i t h s a l i n e w a t e r o f res iMiablv 
Li ins ta i i t s a l i n i t y , i .e. . s t e n o h a l i n e h a b i t a t s ( ( i o l u b i c , 1980). 
;VK>st c a m e f r i )m e n x i r o n m e n t s m c o n t a c t w i t h t h e s ea , in -
c l u d i n g i n t e r t i d a l / o n e s , s(,)me m a n g r o v e p n e u ! T i a t o p l u ) r e s . 
s n a i l she l l s , o r f r o m t h e sea i tsel f . T w o e . x c e p l i o n s a r e 
I s o l a t e s N 1 6 7 a n d N I M , l i s ted by R i p p k a c! i:/. ( 1 9 7 9 ) as 
o r i g i n a t i n g f r o m t h e S a l t ó n S e a m C a l i f o r n i a . ind a n a l k a -
l ine l a k e in C h a d ^ r e s p e c l i \ e l \ ' . The S a l t ó n S e a is a n u n -
u s u a l i n l a n d l a k e w i t h a r e l a t i \ e l v c o n s t a n t .~,;!inilv \ ' e rv 
s i m i l a r to t h a t o f '.he sea ( K u h l a n d O g l c s b v , 1979) . 
A l t h o u g h w c h a \ ' e d a t a a b o u t t h e s a l m i t x r c i i i m e o f t h e 
a l k a l i n e l a k e m C h . a d . m o s t s o d a l a k e s a r e bo i l i a l k a l i n e 
a n d s a l i n e . A t h i r d e x c e p t i o n . I s o l a t e Nl{ )6 . is d o c u m c n t e e l 
as " f r e s h w a t e r " ; o u r c n q t i i n e s r e \ e a l e d n o f u l l i c r d a t a as to 
its o r i g i n . . ' \ h l u ) u g h it g r e w m t h e f r e s h w a t e r B G - I 1 m e d i -
u m , it g r e w b e t t e r in M e d i u m M w i t h 2.5'"f (w '\-) N a C l , 
w o u l d grc>w in M e d i u m M w i t h N a C l c o n c e n t r a t i o n s u p to 
8% ( w / v ) , a n d p r o d u c e d g l u c o s v l g U ' c e r o l , w h i c h i n d i c a t e 
t h a t it is r e a l l y a m a r i n e s t r a i n . 
S t r a i n s ol ' ( i r o u p II w e r e i s o l a t e d f r o m c i m r o n m e n t s 
n o r m a l l y s u b j e c t e d to w i d c K l l u c t u a t i n g sa i l c o n c e n t r a -
t i o n s . I.e., e u r y h a ü n c h a b i t a t s ( C i o l u b i c . 1980). f o r 
e x a m j i l e . s u p r a l i t t o r a l i s o l a t e s m a y s u f f e r d i h u i o n s t r e s s 
lh rou ' j ,h r a i n , a n d s a l t - l a k e i s o l a t e s a r e e x p o s e d t o l a r g e 
l l u c t u a t K ^ n s m N a C l , Mi; '^' a n d C a * ' c o n c e n t r a t i o n s d u e !o 
e v a | i o r a ( i o n t)f sea w a t e r a n d (. i i lution bv r a m ( W i l l i a m s , 
1978). 
r i i e r e w a s s o m e t n e r l a p m o r g a n i s m s u s i n g d i f f e r e n t 
t ) s m o r e i ; u l a l o r y sys tcm.s a t t h e e u r \ ' h a l i n e e d g e o f a s t e n o -
h a l i n e b o d y o f w a t e r . I : n \ i r o n m c n t s s u c h as s u p r a l i t t o r a l 
m a n g r o x ' c p n e u m a l o p h o r e s a.nd i n t e r t i d a l rock s u r f a c e s 
M c k l c d bi) lh • ' m a r i n e " ( N l d O a n d N 1 4 2 ) a n d m o r e s a l t -
t o l e r a n t ( N 181 a i u l N 2 ( ) l ) i soLi tcs ( f a b l e 2). 
.All S t r a i n s i n G r o u p II c a n ^ l o w m a t L m n I I ' i ( w / \ ) 
m o r e N a C l t h a n a n \ s i r . i in m C i i o u p l . I l i n \ c \ c r , I s o l a t e 
N I 6 I ( ( i r o u p II) . L ' lown at its o p t i m u m t e m p e r a t u r e 
( 3 9 " C 1 I C " ) a n d at a n i n c r e a s e d K C l c o n c e n t r a t u ) n o f 
t h e lest m e d i u m (3 j: 1 ' ) . e x t e n d s ils N a C l l o l c r a n c e r a n g e , 
w h i l e S t r a i n s NIOO . ind N ! 6 ( i ( ( i r o u j - i I), g rcuvn u n d e r t h e 
s a m e c o n d i t n u i s , e x h i b i t n o s u c h i n c r e a s e d t o l e r a n c e 
( .M..A.M., u n p u b l i s h e d d a t a ) . 
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In niot l idcci B G - 1 1 i i icci i i ini , the m a x i m u m NaCM to lcr -
a n c c l imit for " f r c s l u v a l c r " s t r a i n s is 4 . 5 % (vv/v). Wl ic i i 
these s t ra ins a r e g r o w n in M e d i t m i M, wl i i ch h a s Mg^ \ K * 
a n d ("a^ ^ c o n c e n t r a t i o n s typica l o f s e a w a t c r , the i r NaC'l 
t o l e r a n c e is r e d u c e d . 
M a r i n e i so la tes ( K x u r in v a r i o u s o r d e r s a n d f a m i l i e s oi" 
the h h i e - g r e e n a l g a e . R o d s w h i c h d i v i d e in o n l y o n e p l a n e 
(Svncc/iococcux sp. NlOO, N I 6 6 ) , c o c c i w h i c h d i v i d e in tw(^ 
p l a n e s (SynccIuH-vMi.s sp. N 1 0 6 , N 1 6 7 ) , s t r a i n s d i v i d i n g to 
give m o r e than two d a u g h t e r ce l l s {Myxosarciiui sp. N 1 0 8 
a n d Dcnuocarpa sp. N 142) a n d f i l a m e n t o u s b l u e - g r e e n al -
gae ( I . I ' P g r o u p N 1 I 3 a n d N 1 S 2 ) all a c c u m u l a t e glu-
cos\ lg l\cerol in r e s p o n s e to sa l t - s t ress . 
H e n c e , it is |irohabIe that m a r i n e s t r a i n s (Kxair in most 
o r d e r s a n d f a m i l i e s o f b l u e - g r e e n a l g a e ( c f C je i t l e r , 1932) . 
M a r i n e s t r a i n s wi thin the s a m e f a m i l y o r g e n u s can be 
d i s t i n g u i s h e d f rom n o n - m a r i n e s t r a i n s by the m a x i m u m 
sal in i ty they t o l e r a t e for grov\ th, a n d the a b i l i t y to p r o d u c e 
g k i c o s y l g l y c e r o l . l-'or e x a m p l e , - t h r e e Svnec/iococcii.s spp. , 
N i n 2 , NlOO a n d N 1 6 1 , h a v e sa l in i ty g r o w t h l imi ts n e a r 4, 
8 a n d 15% ( w / v ) N a C 1 , r e s p e c t i v e l y ( p r e s e n t s tudy) , but 
onlv NlOO a c c u m u l a t e s g l u c o s y l g l y e e r o l . It is the o n l y m a -
rine b l u e - g r e e n a lga o f the t h r e e . 
A n a p p r o p r i a t e o s m o r e g u l a t o r y r e s p o n s e to an en-
v i r o n m e n t a l s tress is a key f a c t o r in s u r v i v a l , a n d h e n c e is a 
c h a r a c t e r i s t i c l i k e h ' to be c o n s c r \ c d in an evoluti(~)nary 
l ine. R e d a l g a e a r c the o n l y m a j o r a lgal g r o u p w h i c h ac-
c u m u l a t e h e t e r o s i d e s s t ruct t i ra l l } ' a n a l o g o u s to g l u c o -
•sylgKcerol ( C r a i g i e , 1974) . S i m i l a r i t i e s in p h y c o b i l i p r o t e i n s 
and s t r u c t u r e o f p h \ c o b i l i s o m e s o f red a n d b l u e - g r e e n al-
gae ha\e led to s u g g e s t i o n s o f an e x ' o l u t i o n a r y l ink b e t w e e n 
red a n d b l u e - g r e e n a l g a e ( R a g a n and C h a p m a n , 1978) . 
W e suggest that the p r e s e n c e o f a s i m i l a r o s m o r e g u l a t o r v 
r e s p o n s e tt) the m a r i n e e n v i r o n m e n t s t r e n g t h e n s this pr(v 
posd! o f an e v o l u t i o n a r \ l ink, a n d i m p l i c a t e s f iuirine b l u e -
green a l g a e as the link lo the red a l g a e . 
S t u d i e s on the ph\N.ological a d a p t a t i o n s o f " m a r i n e " 
b l u e - g r e e n a l g a e a n d m a r i n e h e t e r o t r o p h i c b a c t e r i a h a v e 
usualK d e a l t with the s p e c i a l i o n i c r e q u i r e m e n t s o f the 
strains, in p a r t i c u l a r , the i r r e q u i r e m e n t o f N a ^ to s u p p o r t 
growth IS s h a r e d b\ r u m e n b a c t e r i a ( C a l d w e l l a n d H u d s o n , 
1974) a n d h a l o p h i l i c b a c t e r i a ( B r o w n , 1 9 7 6 ) . W a t e r b u r y 
( 1 9 7 6 ) has s h o w n that s o m e b l u e - g r e e n a l g a e o f m a r i n e 
origin ha\'e, in a d d i t i o n to a N a ' r e q u i r e m e n t , " e l e v a t e d " 
r e t j u i r e m e n t s for M g ^ ' a n d C a ^ ' ti.) s u p p o r t c o n t i n u e d 
g r o w t h . H e a l s o d e m o n s t r a t e d that o t h e r b l u e - g r e e n a l g a e 
isolated f rom m a r i n e s o u r c e s d o not s h a r e t h e s e high re-
q u i r e m e n t s for M g " ' a n d C a ^ a n d has p r o p o s e d that the 
lat ter s t ra ins a r e o f f r e s h w a t e r or terres tr ia l o r i g i n . W a t e r -
burv c o n s i d e r e d the a l t e r n a t i v e i n t e r p r e t a t i o n , that m a r i n e 
b l u e - g r e e n a l g a e fall i n t o two dis t inct c l a s s e s with respect 
to the ir i o n i c r e q u i r e m e n t s , as less ¡Trobable . 
R e i c h e l t a n d B a u m a n n ( 1 9 7 4 ) denuMis t ra ted the pres-
e n c e o f at least t\s o d i f f e r e n t c lasses o f i o n i c r e t j u i r e m e n t s 
in h e t e r o t r o p h i c m a r i n e b a c t e r i a , in a d d i t i o n to N a s o m e 
s t ra ins rec juired high le\ els o f Mg* ' a n d C a ^ ' ( 5 0 a n d 
10 niA/, r e s p e c t s e l\) tt> su( iport g r o w t h , but most m a r i n e 
s t ra ins s^rew in a m e d i u m low m M i : ' * a n d C a - ' ' (2 and 
0 . 5 5 m/V/, r e s p e c t i v e l y ) . T h e p h y s i o l o g i c a l g r o u p we re fer to 
as " m a r i n e b l u e - g r e e n a l g a e " ( G r o u p I s t r a i n s ) s h o w s the 
s a m e r a n g e o f i o n i c r e q u i r e m e n t s for Mg^"^ a n d C a ^ ' as 
d e m o n s t r a t e d for the h e t e r o t r o p h i c m a r i n e b a c t e r i a e x a m -
ined by R e i c h e l t a n d B a u m a n n ( 1 9 7 4 ) . S o m e m a r i n e b l u e -
green a l g a e will g r o w with low Mg^^ a n d C a ^ ' (e .g . N l 1 I. 
NlOO, N I ( ) 6 and N I 6 6 ) , whi le o t h e r s r e q u i r e high levels o f 
Mg^^ a n d C^i^' to s u p p o r t growth ( e . g . N I I 3 , N 1 8 2 a n d 
N 1 6 7 ) . W e infer that m a r i n e b l u e - g r e e n a l g a e , l ike m a r i n e 
h e t e r o t r o p h i c b a c t e r i a , fall into at least two dist inct c l a s s e s 
with respect to the ir ion ic r e q u i r e m e n t s . 
M a r i n e b l u e - g r e e n a l g a e p r o d u c e glucosylglyccriW o \ e r 
the r a n g e o f Mg^ ^ a n d Ca^ * c o n c e n t r a t i o n s , light in tens i t i es 
and t e m p e r a t u r e s at which they grovw T o r e x a m p l e . 
Svncc/unoccn.s sp. NlOO s y n t h e s i s e s g l u c o s y l g l y e e r o l m 
m e d i a with f r e s h w a t e r to s e a w a t e r c o n c e n t r a t i o n s o(~ M g ^ ' 
and (^a^', at l ight in tens i t ies o f 22 to 1 000//F, m s a n d 
t e m p e r a t u r e s from 2 2 ° to 39 " C (Borowit/.ka ci al.. 1980 ; 
M . A . M and R . S . N . , u n p u b l i s h e d d a t a ) . 
W e p r o p o s e that the ab i l i ty to a c c u m u l a t e iilu-
cosy lg lycero l prov ides a b e t t e r c r i t e r ion for c lass i f\ing 
b l u e - g r e e n a l g a e as m a r i n e than the present lv a c c e p t e d cri-
terion provided by W a t e r b u r y ( 1 9 7 6 ) which is b a s e d on 
ionic r e q u i r e m e n t s for g r o w t h , in p a r t i c u l a r an o b l i g a t e re-
q u i r e m e n t for Na^. 
Ackiu)wlcJ^cn]ciUs. W e would l ike to thank [ ) r . .1. W a t e r -
bury for p r o v i d i n g us with his thesis . I^r. R . R i p p k a ami 
Professor R . Y . S t a n i e r for p r o v i d i n g us with the man\ 
PC(^ cul tures , i ' ro fessor R. 1. F r i e d m a n n for cr i t ic ism (-)flhc 
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T h e m a j o r o rgan ic osmoregu la to ry solutes of 36 cyanobac te r ia f rom a wide range of 
e n v i r o n m e n t a l sources have been e x a m i n e d using ' ^C nuclear magne t i c resonance spectro-
scopy. These s t ra ins were also e x a m i n e d for their sal t- tolerance, and could be a r ranged in three 
sal t - to lerance groups , des igna ted f r e shwa te r , m a r i n e and hypersal ine . T h e most sal t- tolerant 
cyanobac t e r i a in the hypersa l ine g roup are proper ly classified as modera te ly halophil ic . Cyano-
bac te r ia f rom all hab i t a t s and t a x o n o m i c groups accumula ted organic osmoregula tory solutes, 
and the chemica l class of the solute corre la ted with the sal t- tolerance and hab i ta t of the s train. 
F r e s h w a t e r s t ra ins accumula t ed s imple sacchar ides , p redominan t ly sucrose and t rehalose ; 
m a r i n e s t ra ins accumula t ed the he te ros ide C>-a-D-glucopyranosyl-(l-^2)-glycerol, and hyper-
saline s t ra ins accumula ted sucrose and /o r t rehalose together with glycine be ta ine or the novel 
solute L-glutamate be ta ine (A^-trimethyl-L-glutamate) or they accumula ted glycine be ta ine 
alone. T h e results suggest that the presence of cer ta in ma jo r organic osmoregula tory solutes may 
be useful in the numer ica l t a x o n o m y of cyanobac te r i a , and in the identif icat ion of some ionic 
charac te r i s t ics of the env i ronmen t of origin of each isolate. 
I N T R O D U C T I O N 
Cyanobac t e r i a inhabi t e n v i r o n m e n t s which d i f fe r dramat ica l ly in their salinity. A n u m b e r of 
s tudies examin ing the response of cyanobac tc r i a to saline env i ronmen t s have dealt with the salt 
to le rance of f r e shwa te r and m a r i n e fo rms (Van Baalen, 1962; Stewart , 1964; Bat ter ton & Van 
Baalen . 1971 ; S tam & Ho l l cman , 1975, 1979; M a c k a y ei al., 1983; R ichardson ei al., 1983) and 
with the dis t inct ion be tween ha lophi l ic and halotolerant cyanobac te r ia (Hof & Fremy, 1933; 
Bat te r ton & Van Baalen. 1971; Brock, 1976; Y o p p ei al.. 1978r;; Golubic , 1980). Only a few 
studies have dealt specifically wi th the organic solutes accumula ted by cyanobac te r ia a d a p t i n g 
to salt stress. 
Accumula t ion of o rgan ic c o m p o u n d s as osmoregulatory- solutes in cyanobac te r ia was first 
repor ted by Borowitzka et al. (1980), who used na tu ra l - abundance ' V nuclear magne t i c 
resonance ( N M R ) spec t roscopy of cells and cell extracts , to show that the major o rganic osmo-
regulatory solute in the m a r i n e isolate Synechococcus NlOO was the heteroside O-A-D-gluco-
pyranosyl-( l — 2)-glycerol. ' N M R spec t roscopy is a useful tool in the study of osmoregula t ion 
because it is non-des t ruc t ive and can provide , in a single assay, in fo rmat ion about all free 
o rgan ic solutes present at c o n c e n t r a t i o n s suff ic ient to con t r ibu te significantly to intracel lular 
osmot ic pressure (Nor ton , 1979, 1980). Th i s t echn ique is non- invas ive and has been used with 
live cells (Nor ton et al., 1982; H o c k i n g & Nor ton , 1983). 
Mack. .y et al. (1983) e x a m i n e d 28 s t ra ins of cyanobac tc r i a isolated f rom a wide range of 
hab i ta t s . These s t ra ins were classified into three groups , frosluvatcr , mar ine and sal t - tolerant . 
the basis of the salinity range over which they c(nild grow, I-lc\ cn s trains classified as 'ma r ine 
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had a dist inctive salinity tolerance range, tolerating at least 60 but not more than 
l l O g N a C l l " ' . '^C N M R analysis showed that each of these marine strains accumulated 
glucosylglycerol as the ma jo r organic osmoregulatory solute, and on this basis it was suggested 
that this property was a useful marker of mar ine strains. More recently, Richardson i ' /o/. (1983) 
reported that Synechocystis P C C 6803, isolated f rom freshwater but able to grow in seawater 
media , accumulated glucosylglycerol in response to increasing salinity of its growth medium. In 
addi t ion , Synechocystis D U N 5 2 , a halophilic spccies, employed glycine betaine as its major 
osmot icum ( M o h a m m a d el ai, 1983), and the f reshwater species Nostoc nuiscorum P C C 7119 
accumula ted sucrose ( i i lumwald & Tel-Or, 1982). Thus, it appears that organic compounds are 
impor tan t osmoregulatory solutes in a large number of cyanobacter ia . By contrast , a strain of 
Aphanothece halophyiica isolated from salt-works accumulated K as its pr imary response to 
increased external salinity, a l though pools of carbohydrates , polyols and amino-nitrogen also 
increased at high salinity (Miller ct al., 1976; Yopp ei al., \91Sa, h). 
Although Mackay ei al. (1983) found glucosylglycerol only in strains classified as marine, the 
' '̂ C N M R spectra revealed that all strains, mar ine and non-mar ine , accumulated organic osmo-
regulatory solutes of some kind. In this paper we describe the identification of these solutes in 
the 28 s trains examined previously (Mackay et al., 1983), as well as in addit ional f reshwater and 
highly salt-tolerant (hypersaline) strains. Our results show that not only do all these cyano-
bacter ia accumulate organic osmoregulatory solutes, but there is a close correlation between the 
ma jo r solutes accumulated and the salinity tolerance of each strain. 
M E T H O D S 
Salinity tolerancc range of cyanobactcria T h e u p p e r l i m i t s of N a C l t o l e r a t e d for g r o w t h by s o m e s t r a i n s w e r e 
r e p o r t e d by M a c k a y ci al. (1983) . T h r e e l iqu id m e d i a w e r e used to tes t t h e sa l in i ty t o l e r a n c e r a n g e of all s t r a m s : a 
f r e s h w a t e r m e d i u m , a m a r i n e m e d i u m c o n t a i n i n g s o m e n a t u r a l s e a w a t e r a n d a m e d i u m wi th a n a r t i f ic ia l seav>. a t e r 
b a s e . All s t r a i n s we re tes ted at 23 + 3 "C at p l l 7 5 in m e d i a w h i c h c o n t a i n e d , in a d d i t i o n to a m i n e r a l salt b a s e , t h e 
n i t r o g e n , p h o s p h o r u s , i ron , E D T A a n d t r a c e e l e m e n t s of BG-1 1 ( S t a n i e r el a!., 1971) p lus 1-68 g N a l l C O , a n d 
20 | jg v i t a m i n B, i 1 ' . 
T h e f r e s h w a t e r m e d i u m used w a s B G - 1 1 , w h i c h h a s a m i n e r a l sal t ba se of (1 ' ) 0 075 g M g S 0 4 . 7 H , 0 p lus 
0 36 ;; C a C K 2 H , 0 O n e m a r i n e m e d i u m used , m e d i u m M , c t ) n l a i n e d s o m e n a t u r a l s e a w a t e r b e c a u s e m a n y 
m a n ill- s t r a i n s on ly g r e w well in its p r e s e n c e . It w a s a l so i m p o r t a n t to m a i n t a i n a u n i f o r m level of M g - \ C a - " a n d 
K * t h r o u g h o u t the w h o l e sa l in i ty r a n g e tes ted (see D i s c u s s i o n ) . A m i n e r a l - s a l t - e n r i c h e d s e a w a t e r s tock so lu t ion 
w a s m a d e w h i c h , a f t e r a d d i t i o n of t h e r e q u i r e d N a C l a n d n u t r i e n t s , cou ld be a d j u s t e d to a s t a n d a r d v o l u m e T h e 
m i n e r a l salt b a s e of m e d i u m M c o n t a i n e d : 100 ml a c t i v a t e d - c h a r c o a l - f i l t e r e d s e a w a t e r , 10 17 g M g C K 6 H . 0 , 
1 47 g C a C U • 2 H 2 O a n d 0 .75 g KC'l , w h i c h on d i l u t i o n to 1 1 g a v e s e a w a t e r (ZoBe l l , 1963) c o n c e n t r a t i o n s of M g - \ 
C a - ' a n d K but only 1/10 s e a w a t e r - s t r e n g t h N a C l . S o m e h y p e r s a l i n e s t r a i n s , w h i c h h a d b e e n isola ted on 
a r t i f i c i a l m e d i a w i th a salt b a s e r e s e m b l i n g t h e c o m p o s i t i o n of s e a w a t e r , w e r e tes ted u s ing the f o l l o w i n g m i n e r a l 
sal t ba se ( r ' ) : 6 g M g C l : . 6 H j O , 5 g M g S O , . 7 H j O , 1-5 g C a C l 2 . 2 H , 0 a n d 1 0 g K C l . 
All c u l t u r e s f r o m f r e s h w a t e r or m a r i n e s o u r c e s a n d s o m e f r o m h y p e r s a l i n e s o u r c e s were first t e s t ed in BG-1 1 a n d 
in m e d i u m M . bo th wi th 15 g a d d e d N a C l T ' t o d e t e r m i n e the m e d i u m b a s e in w h i c h they g r e w bes t . Of those 
s t r a i n s i so la ted f r o m s e a w a t e r o r h y p e r s a l i n e .sources, m a n y fa i led to g r o w in B G - 1 1 wi th or w i t h o u t a d d e d N a C l 
a n d the r e m a i n d e r usual ly g r e w b e t t e r in m e d i u m M wi th 15 g N a C l 1 ' . A m o n g those s t r a i n s i so la ted f r o m a 
f r e s h w a t e r sou rce or r o u t i n e l y g r o w n in f r e s h w a t e r m e d i a by o t h e r c u l t u r e co l l ec t ions , a l m o s t all s h o w e d be t t e r 
g r o w t h in m e d i u m with a f r e s h w a t e r ba se . E x c e p t i o n s w e r e SyncclKH-occu.s N I 1 1 a n d Svnechocy.sii.s N I 0 6 . vOiich 
g r e w s l ig iu ly b e t t e r in m e d i u m M wi th 15 g N a C l 1 ' . 
S t r a i n s w e r e t hen e x a m i n e d u s i n g t h e m i n e r a l salt b a s e m w h i c h they grew best : s t r a i n s N 101 105, N 109 1 10. 
N I 15 117, N 1 5 8 , 372 a n d 419 in B G - 1 1 ; s t r a i n s N 1 0 6 108, N1 1 1 114, N 1 4 2 , N I 5 7 . N 1 6 1 , N 1 6 3 , N 1 6 6 167, 
N 1 8 1 182 a n d N 2 0 1 in m e d i u m M . S t r a i n s NIOO. 351 353, 355, 358, 361, 439 a n d 7418 ( P C C 7418) u e r e 
e x a m i n e d u s ing the a r t i f i c ia l s e a w a t e r m i n e r a l salt b a s e . Sa l i n i t y w a s a d j u s t e d by i n c r e a s i n g t h e c o n c e n t r a t i o n ot 
N a C l in the m e d i u m , us ing i n c r e m e n t s of 5 l O g I ' for s t r a i n s t es ted in BG-1 1, a n d of 10 20 g I ' for all o t h e r 
s t r a i n s . N o s t r a i n was t e s t ed at m o r e t h a n 150 160 g N a C l 1 ' . 
M o s t s t r a i n s we re tes ted at s e v e r a l p h o t o n flux d e n s i t i e s b e t w e e n 7 a n d 53 (iF m - s ' (0 45 4 00 k l \ ) . as 
m e a s u r e d w i th a I . i -Cor m o d e l 185-A l ight m e t e r w i t h ( l u a n t u m a n d p h o t o m e t r i c sens(^rs Inocu la w e r e in BC.-I 1, 
m e d i u m M wi th 20, 40 or 60 g NaC' l I ' o r a r t i f i c i a l s c a w . i t e r m e d i u m wi th 60 g N a C l 1 ' S t a t i o n a r y p h a s e cells 
w e r e L.^cd as inocul . i in mos t e x p e r i m e n t s C u l t u r e s u h i ch s lunvet l an i n c r e a s e in cell m a s s a n d co lou r were scored 
as g r o w i n g , t h o s e \^hlch lost all c o l o u r a n d s h o w e t l cell d e c a y we re s co red as not g r o w i n g To i l e t e r m i n e the 
a p p i o x i m a t e N. iCl c o n c e n t r a l i o n reciuirod to sui i i ior t g r o w t h of m a r i n e a n d h a l o t o l e r a n t c y a n o b a c t e r i a . ^^onie 
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s t r a i n s w e r e t e s t e d t o r t h e i r a b i l i t y to g r o w in m e d i u m M wi t l i o n l y l o w c o n c e n t r a t i o n s o f N a C ' l (0 p a d d e d 
N a C ' l 1 ' ) . 
Gronih and salt-stressing of cyanohactcria G r o w t h , s a l t - s t r e s s i n g a n d a s s a y ol ' t h e f o l l o w i n g s t r a i n s f r o m t h e 
A u s t r a l i a n C o l l e c t i o n o f M a r i n e M i c r o o r g a n i s m s ( A C M M ) h a s b e e n d e s c r i b e d ( M a c k a y et al., 198^) N l O O 
N 1 1 7 , N 1 4 2 , N 1 5 7 . N 1 5 8 . N 1 6 1 , N 1 6 3 , N 1 6 6 , N I 6 7 . N I 8 1 , N 1 8 2 , N 2 0 1 . F o u r s t r a i n s ( N 103, N I U 9 , N l l 6 a n d 
N 1 17) w e r e a l s o r e g r o w n , s a l t - s t r e s s e d a n d a s s a y e d a t 0 , 5, 10 a n d 15 g N a C I 1 Scytoncma ( P C C 7 1 1 0 ) w a s 
g r o w n a n d e x t r a c t e d a s in M a c k a y et al. ( 1 9 8 3 ) . T h e r e m a i n i n g s t r a i n s w e r e n o t s a l t - s t r e s s e d f o r 2 d , b u t w e r e 
g r o w n s e p a r a t e l y in t h e i r l o w a n d h i g h N a C l m e d i a . F r e s h w a t e r t h e r m o p h i l e L P P 372 [Phormidiwn lammosum 
s t r a i n O H - 1 - p o f C a s t e n h o l t / ( 1 9 7 0 ) ] w a s g r o w n a t 4 5 C in m e d i u m D o f C a s t e n h o l t / ( 1 9 7 0 ) w i t h o r w i t h o u t 15 g 
N a C l 1 - ' . Synechocystis 4 4 4 w a s g r o w n a t 34 " C in B G - 1 1 w i t h 15 g N a C I 1 ' . 
A s m a l l c o l l e c t i o n o f h y p e r s a l i n e s t r a i n s , Svnechococcus 352 , 353 , 355 , 358 , 361 a n d Spindina 4 3 9 , w e r e g r o w n in 
a r t i f i c i a l s e a w a t e r m e d i a w i t h 6 0 g N a C I I" ' a n d w i t h 9 0 g N a C I I - ' . Syncchococcus 741 8 a n d 351 w e r e g r o w n o n l y 
a t 6 0 g N a C l 1 " ' . T h e a r t i f i c i a l s e a w a t e r m e d i u m c o n t a i n e d , in a d d i t i o n t o N a C l , t h e f o l l o u i n i ; ( 1 ' ) : 6 g 
M g C l , . 6 H , 0 , 5 g M g S 0 , . 7 H , 0 , 1-5 g C a C U 2 H , 0 , I g K C I , 25 m g C a ( N a ) , F D T A , I-5 g N a N O g g l y c y l " 
g l y c i n e , 1 m l A - 5 t r a c e e l e m e n t s ( S t a n i e r i-i ^y/., 1971) a n d 3 m l 5 M - N a O H . A f t e r a u t o c l a v i n g , t h e f o l l o w i n g Hlter-
s t e r i l i / e d s t o c k s o l u t i o n s w e r e a d d e d (1 ' ) : 1 ml K , H P O ^ (30 m g m l ' ) , 1 m l a m m o n i u m f e r r i c c i t r a t e p l u s c i t r i c 
a c i d ( 6 m g m r ' e a c h ) , 2 0 m l N a H C O j (84 m g m l ' ) a n d 0 -2 m l v i t a m i n B , , ( l O O u g m l ' ) . 
T h e c o m p l e t e d m e d i a w e r e a t p H 7-6 a t 38 "C . T h e s e h y p e r s a l i n e s t r a i n s w e r e g r o w n a t 37 + 0-5 " C u n d e r c o n -
s t a n t l i g h t o f I •8 -2-3 kl.x in 5 0 0 o r 1000 ml c o n i c a l H a s k s w i t h s t i r r i n g . W h e n c u l t u r e s r e a c h e d a cel l d e n s i t y o f I 
1-5 g 1 - t h e y w e r e u s e d a s a 1 0 % ( v / v ) i n o c u l u m f o r 5 o r 10 1 c u l t u r e s in l a r g e g l a s s c a r b o y s . L a r g e c u l t u r e s w e r e 
g r o w n a t 38 ± 1 X , w i t h i n i t i a l i n c i d e n t l i gh t o f 18 20 kl.x w h i c h w a s i n c r e a s e d to 30 kl.x a s c u l t u r e s b e c a m e 
d e n s e . W h e n cel l d e n s i t y r e a c h e d a b o u t I g l " ' , a n o t h e r 20 m l N a l l C O , 1 ' w a s a d d e d . L a r g e c u l t u r e s w e r e 
h a r v e s t e d in l a t e e x p o n e n t i a l g r o w t h p h a s e at a ce l l d e n s i t y o f 1 5 2 g l ' . 
All s t r a i n s , e x c e p t Spindina 4 3 9 , w e r e h a r v e s t e d a t r o o m t e m p e r a t u r e (22 - 2 3 "C) u s i n g c o n t i n u o u s t low c e n t r i -
f u g a t i o n , f o l l o w e d i m m e d i a t e l y by c e n t r i f u g a t i o n a t 2 0 8 0 0 ^ f o r 15 m i n a t 0 X . Spindina 4 3 9 w a s h a r v e s t e d by 
p o u r i n g t h r o u g h s ix l a y e r s o f g a u z e . T h e h y p e r s a l i n e s t r a i n s w e r e e x t r a c t e d by f r e e z i n g a n d t h a w i n g t w i c e , 
w a s h i n g o n c e w i t h d i s t i l l e d w a t e r a n d r e p e a t i n g t h i s s e q u e n c e u n t i l t h e s u p e r n a t a n t w a s n o lon-c. '- b l u e . T h e 
s u p e r n a t a n t w a s t h e n f r e e z e - d r i e d . 
' ^ r NMR spectroscopv. N a t u r a l - a b u n d a n c e - ' C N M R s p e c t r a w e r e r e c o r d e d at I5 ()4 M H z o n a Jei)I F X - 6 0 
s p e c t r o m e t e r , o r a t 25-05 M H z o n a J e o l F X - 1 0 0 Q s p e c t r o m e t e r , e a c h o p e r a t i n g in t h e p u l s e d F o u r i e r t r ans fo rn - i 
m o d e S p i n n i n g s a m p l e t u b e s of 10 m m o u t s i d e d i a m e t e r w e r e u s e d . A t 15-01 M H z , w h i c h w a s u s e d f o r nu i s t of t i ie 
a n a l > s e s , t y p i c a l s p e c t r a l a c q u i s i t i o n p a r a m e t e r s w e r e : 4 0 0 0 H z s p e c t r a l b a n d u i d t h , 8 1 9 2 t i m e - d o m a i n 
a d d r e s s e s ; 1 5 [is (60" ) r a d i o - f r e q u e n c y p u l s e s , 1 6 s p u l s e r e c y c l e t i m e , a n d I 5 0 0 1 0 0 0 0 0 s c a n s d e p e n d - i n g o n t h e 
s o l u t e c o n c e n t r a t i o n in t h e cel l e x t r a c t . N o i s e - m o d u l a t e d , o n - r e s o n a n c e p r o t o n d e c o u p l i n g w a s e m p l o v e d in all 
c a s e s . 
S o l u t e s w e r e i d e n t i f i e d by c o m p a r i s o n s of c h e m i c a l s s h i f t s w i t h l i t e r a t u r e v a l u e s f o r a m m o a c i d s a n d s u g a r s 
( R o s e n t h a l & F e n d l e r , 1 9 7 6 ; H o c k i n g & N o r t o n , 19X3), C ; - a - D - g l u c o p y r a n o s y l - ( I -> 2 ) -g Iyce ro ! ( N o r t o n r ; / , I 9 S 2 ) 
a n d g l y c i n e b e t a i n e ( N o r t o n , 1979) , e a c h i d e n t i f i c a t i o n b e i n g c o n f i r m e d by a d d i t i o n of t h e a u t h e n t i c c o m p o u n d 
T h e n o v e l s o l u t e L - g l u t a m a t e b e t a m e w a s i d e n t i f i e d a s d e s c r i b e d in R e s u l t s C~hemica l s h i f t s a r e e x p r e s s e d in p a r t s 
p e r m i l l i o n d o w n f i e l d f r o m t e t r a m e t h y l s i l a n e A t r a c e of d i o x a n e (a t 67 8 p . p m . f r o m e x t e r n a l l e t r a i i i c l h y l s i l a n e ) 
w a s u s e d a s a n i n t e r n a l s t a n d a r d w h e r e n e c e s s a r y 
Q u a n t i f i c a t i o n w a s b a s e d o n t h e d r y w e i g h t o f t h e pe l l e t o b t a i n e d by c e n t r i f u g a t U M i of t h e d i s r u p t e d ce l l s . I liii, 
w a s p r e f e r r e d t o t h e u s e of s u p e r n a t a n t d r y v. e i g h t s , w h i c h v a r i e d w i d e l y a s a r e su l t of c h a n g e s m t h e l eve l s of low 
m o l e c u l a r w e i g h t o r g a n i c s o l u t e s , s a l t s a n d \> .a t e r - so lub le p o l y s a c c h a r i d e s . 
R l i S U L T S 
Salinity tolerance range 
I 'he u p p e r a n d lower l imi t s of N a C l to l e ra t ed for g r o w t h by 33 s t r a ins t)!" c y a n o b a c t e n a are 
p r e s e n t e d in F-"ig. 1. A l t h o u g h the re a p p e a r e d to be s o m e m i n o r d i s c o n t i n u i t i e s at 45 110 1 30 
a n d 135 150 g N a C l 1 ' , the s t r a ins d i sp layed a c o n t i n u u m of i n c r e a s i n g sal ini ty tolc; nice tVcMii 
< 5 to > 1 5 0 g N a C l I All s t r a ins isolated f r o m a sa l ine sou rce grew in med i t im c o n t a i n i n g 
s e a w a t e r c o n c e n t r a t i o n s of M g - ' , C a - * a n d K ' wi th a total of 22 g N a C l 1 ' and in med i t im 
M N of W a t e r b u r y & S t a n i e r (1978), w h i c h c o n t a i n s I s t r e n g t h n a t u r a l s e a w a t e r as iis m i n e r a l 
salt base . 
All t hose s t r a in s wh ich d i sp layed an a b s o l u t e g r o w t h r e q u i r e m e n t for N a C ! luui this 
r e q u i r e m e n t fulli l led by 22 g N a C l T \ T h i s r e l adve ly low c o n c e n t r a l n H i of N a d rcq in red lor 
gr iuvth by a n y s t ra in m e a n s tha t as the m a x i m u m sal in i ty toler; i tcd for g i o u ih increases , str a ins 
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Fig. 1. Salinity tolerance range of 33 strains of cyanobacteria. (c) Strain N105 was very sensitive to NaCl and failed to grow with 4-8 g NaCI Salinities lower 
than 4-8 g NaCl 1"' were not tested, (b) Lower salinities not tested, (c) No growth in BG-11 without added NaCl. Salinities lower thaiv22 g NaCl 1~' with seawater 
concentrations of Mg^^, Ca^* and K.* were not tested, {d) Higher salinities not tested. 
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Fig. 2. N a t u r a l - a b u n d a n c e ' ^ C N M R s p e c t r a of a q u e o u s e x t r a c t s of c y a n o h a c t e r i a . Spec i r . ! were 
r e c o r d e d a t 15 04 M H z w i t h 60° r a d i o - f r e q u e n c y pu lses a p p l i e d in 1-6 s i n t e rva l s a n d p roces sed wi th 
1 1 H z e x p o n e n t i a l b r o a d e n i n g , {a) Synechocystis N 110 g r o w n in B G - 1 1 m e d i u m w i t h 1 5 g a d d e d N a C l 
P ' ; 0-1 g d ry w e i g h t e x t r a c t m l " ' , 4 0 0 0 0 s cans , (b) Synechocysiis N 1 0 6 g r o w n in m e d i u m f\ 
0 1 3 g m l " ' , 10000 scans , (c) Gloeocapsa N 1 0 7 g r o w n in m e d i u m / + 2 4 g a d d e d N. ' .CI l 
0 l 6 g m r ' , 6 0 0 0 0 scans . 
also to le ra te a wider r ange of N a C l c o n c e n t r a t i o n s , l l i e m a j o r i t y of c y a n o h a c t e r i a tested were 
e i i ryha l ine (Fig . I). T h e mos t eu ryha l ine s t ra in tested to le ra ted f r o m 12 to > 1 5 8 g (Ü-2 to 
> 2 - 6 M) N a C l 1 - ' . 
G r o w t h of s t ra ins at the lower l imit of the i r sal ini ty to l e rance was usually slow, a l though 
s t r a ins ab le to grow in the f resh wa te r m e d i u m BG-11 grew well w i thou t any a d d e d N a C l . F igure 
1 shows t he c o n c e n t r a t i o n of N a C l to le ra ted for g rowth and does not a t t e m p t to inc' icate the 
c o n c e n t r a t i o n of N a C l at w h i c h s t ra ins g r ew op t ima l ly . 
Identification of major organic osmoregulatory solutes by '^C NMR spectroscopy 
Figu re 2 shows n a t u r a l - a b u n d a n c e '-^C N M R spec t r a of cell ex t r ac t s of the c y a n o h a c t e r i a 
Synechocystis N l l O , a typical f r e s h w a t e r s t r a in , Synechocystis N106 , a m a r i n e s t ra in , and 
Gloeocapsa N107 , a hyper sa l ine s t ra in . T h e spec t r a were run u n d e r cond i t i ons which ensured 
tha t the peak he igh t s (or in tens i t ies) accu ra t e ly ref lected the mo la r c o n c e n t r a t i o n s of the var ious 
solutes in the ex t rac t s . As all low molecu la r we igh t solutes yield s h a r p lines in these spec t ra , the 
re la t ive he igh t s (or in tens i t ies ) of the i r r e s o n a n c e s reflect the i r re la t ive mola r c o n c e n t r a t i o n in 
the cell c y t o p l a s m . '-^C N M R the re fo re p r o v i d e s a s imple i nd i ca t ion of wh ich o rgan ic solutes are 
s ign i f ican t in the m a i n t e n a n c e of cell w a t e r ac t iv i ty . F u r t h e r m o r e , e ach solute of interest 
d i sp layed two or m o r e well-resolved ' ^ C r e s o n a n c e s , w h i c h p rov ided a useful check on quan t i -
fication. Solutes were ident i f ied as be ing invo lved in o s m o r e g u l a t i o n w h e n the i r c o n c e n t r a t i o n s 
inc reased in response to inc reased sal ini ty in the m e d i u m . 
T h e s p e c t r u m in Fig. l{a) is typical of the m a n y f r e s h w a t e r s t ra ins . The domi r . an t osmo-
regula tory solute for this s t ra in is sucrose , its 12 c a r b o n s g iv ing rise to 10 s ing le -carbon 
r e s o n a n c e s a n d one t w o - c a r b o n re sonance . T h e fu r thes t downf ie ld peak , nea r 105 p p .m , has a 
lower in tens i ty t han those f r o m the o the r 1 1 c a r b o n s , as it a r i ses lYom a q u a t e r n a r y c a r b o n and is 
t h e r e f o r e par t ly s a tu ra t ed ( N o r t o n , 1980). Ik 'cause of this, it was not used fm c}uantit ication. The 
oo 
ro 
T a b l e 1. Major organic osmoregulatory solutes of cyanohacteria 
S t r a i n t 
T a x o n o t n i c f 
ass igi inioiu* AC : M M l ' ( C 
Chamaestphon (1) N 105 6605 
Anabaena (,1V) N 115 7122 
Synechococcus (I) N 158 6307 
Calothrix ( IV) N 103 7601 
Svnechocysiis (I) N 104 6701 
L P P g r o u p B (I I I ) N 109 6306 
Gloeothece (I) N 101 6501 
Synechococcus (I) N 102 6301 
Synechocystis (I) N 110 6308 
Calothrix ( IV) N 117 7101 
Chlorugloeopsis (V) N 116 6912 
L P P g r o u p B (I I I ) 372 
Scyionenm ( IV) 419 7110 
Synechocystis (I)§ 444 
L P P g r o u p B (I I I ) N 113 7375 
L P P g r o u p B ( I I I ) N 182 
Synechococcus (I) N 111 7202 
Synechocystis (I) N 167 6906 
Synechocystis (I) N 106 6714 
Synechococcus (I) N 114 
Synechococcus (I) N 157 
Synechococcus (I) N 100 
Synechococcus (I) N 166 7002 
Derniocarpa ( II) N 142 





M a x i m u m salt 
Glucosyl - G l u t a m a t e G l y c i n e t o l e r ance S t r a in 
Sucrosc I rc l ia losc ( i l u c o s e 1- rue toso glyccrol be t a m o be t a m e (g N a C l 1 " ' ) : o r ig in 
- + - - - - - < 4 - 8 S t r e a m w a t e r 
- - - - - - 14-3 P o n d w a t e r 
+ - - - - - - 23-8 L a k e w a t e r 
+ 4- - - - - - 24-7 U n k n o w n 
+ - - - - - - 28-5 F r e s h w a t e r 
+ 4- + - - - 28-5 U n k n o w n 
+ + + - - - - 33-2 F r e s h w a t e r 
4-
- - - - - - 33-8 F r e s h w a t e r 
+ - - - - - - 33-8 L a k e w a t e r 
+ + -i- 4- - - - 42-8 Soil 
+ + - - - - - 45-0 Soil 
+ - + - - - N D H o t s p r i n g 
— + + — - - - N D L i m e s t o n e c a v e 
+ - - - - - - N D A l k a l i n e p o n d 
- - - - + - - 60-2 M a r i n e p l a n k t o n 
— - - - + - - 60-2 I n t e r t i d a l 
— - - - + - - 70-4 A l k a l i n e p o n d 
— — - - + - - 70-4 H y p e r s a l i n e l ake 
— — - — + - - 80-2 F r e s h w a t e r 
- - - - + - - 80-2 I n t e r t i d a l 
- - - - + - - 80-2 U n k n o w n 
- - - - + - - 92-2 I n t e r t i d a l 
— - - - + - - 100-1 M a r i n e m u d 
- - - - + - - 104-8 S u p r a l i t t o r a l 
— - - - + - - 108-8 I n t e r t i d a l 
Gloeocapsa (I) N 1 0 7 — -f — — _ _ + 130-4 
Calothnx ( IV) N 1 8 1 -1- -1- — — _ + _ 132-1 
Calolhnx ( IV) N 2 0 1 7426 + -f- — — — + — 132-1 
L P P g r o u p A ( I I I ) N 1 1 2 — + — — — — + 135-0 
Synechococcus (I)§ 7418 7418 - — — — _ — + 1 2 0 - 1 5 0 1 
Synechococcus (I) 352 _ _ — _ «! 1 _ 4- > 1 5 0 - 7 
Synechococcus (I) 353 _ — — _ _ -1- > 1 5 0 > 7 
Synechococcus (1) 355 — — — — - n _ -f- > 150-7 
Synechococcus (I) 358 — — _ - _ + > 1 5 0 - 7 
Spirulina (111) 439 - — - — — _ -j- > 1 5 0 - 7 
Synechococcus (I) N I 6 1 - — — _ _ _ -f > 1 5 7 - 6 
Synechococcus (1) N 1 6 3 - - — — _ -f > 1 5 7 - 6 
Synechococcus (1) 361 - - - - T — + 150-180« 
Synechococcus (1)§ 351 - - - - - - + 2 1 0 - 2 4 0 1 
Salt lake 
Supral i t toral 
Intert idal 
Supral i t toral 
H y p e r s a l i n e pool 
H y p c r s a l i n e pond 
Sa l ine pool 
Sa l ine pool 
Sa l ine pool 
Salt lake 
Salt w o r k s 
Salt lake 
Salt lake 
H y p e r s a l i n e p o n d 
* C y a n o h a c t e r i a h a v e been i r a d i t i o n a l l y a s s igned lo t h e a lgae . B e c a u s e c u l t u r e s a re not r e c o g n i z e d as va l id t y p e m a t e r i a l s u n d e r t he B o t a n i c a l C o d e . R i p p k a ei al. (1979) 
r e d e f i n e d c e r t a i n c y a n o b a c t e r i a i g e n e r a so tha t s i m p l e , c l e a r - c u t g e n e r i c a s s i g n m e n t s cou ld be m a d e fo r c u l t u r e s . D i f f e r e n c e s in s t r u c t u r e a n d d e v e l o p m e n t of g e n e r a allov. 
r e c o g n i t i o n of five large s u b - g r o u p s or s ec t i ons of c y a n o b a c t e r i a . T h e s e s e c t i o n s do not p rec i se ly c o r r e s p o n d to o r d i n a l g r o u p s of p h y c o l o g i s t s , bu t d o r e p r e s e n t t he b r o a d e s t 
t a x o n o m i c s u b - g r o u p s r e c o g n i z e d for c y a n o b a c t e r i a i c u l t u r e s . W e h a v e used the c l a s s i f i c a t i on s c h e m e of R i p p k a ei al. (1979) a n d s h o w g e n e r i c a n d s e c t i o n a l (in p a r e n t h e s e s ) 
a s s i g n m e n t s of s t r a in s . 
+ C u l t u r e co l l e c t i ons f r o m w h i c h s t r a i n s were a c q u i r e d a re as f o l l o w s : A C M M . A u s t r a l i a n C o l l e c t i o n of M a r i n e M i c r o o r g a n i s m s , Sir G e o r g e F i s h e r C e n t r e fo r T r o p i c a l M a r i n e 
S t u d i e s . J a m e s C o o k U n i v e r s i t y . Q u e e n s l a n d 4811 . A u s t r a l i a , P C C . P a s t e u r C u l t u r e C o l l e c t i o n , I n s t i t u t e P a s t e u r , 28 R u e du D o c t e u r R o u x , P a n s 7501 5, F r a n c e ; U T E X , C u l t u r e 
C o l l e c t i o n of a l g a e at t he U n i v e r s i t y of T e x a s , A u s t i n . T e x a s 7871 2, U S A . F o u r s t r a i n s w e r e r e c e i v e d f r o m U T E X . All o t h e r s t r a i n s w i t h P C C n u m b e r s w e r e r e c e i v e d f r o m P C C . 
R e m a i n i n g s t r a i n s were isola ted by us a n d d e p o s i t e d in A C M M , e x c e p t L P P 372 w h i c h is Phormidium laminosum O H - l - p of C a s t e n h o l t z (1970) . 
t S t r a i n s a re a r r a n g e d in o r d e r of i n c r e a s i n g sa l in i ty t o l e r a n c e , m e a s u r e d as maximum c o n c e n t r a t i o n of N a C l (g 1 " ' ) p e r m i t t i n g g r o w t h . ND, N o t d e t e r m i n e d . 
§ T h e so lu te c o n t e n t s of these were tes ted at o n e s a l i n i t y on ly . S o l u t e s a r e t hose w h i c h d o m i n a t e at 15 g (444) or 60 g (351, 7418) N a C l 1~ 
i S t r a i n s t e s t ed us ing m e d i a sol id i f ied wi th 7 g D i f c o B a c t o a g a r 1" g r o w n at 38 -41 ' C a n d 1 8 - 2 4 ^ E m " - s " ' (1 -3-1 -7 klx) . S t r a i n s g r e w at t h e l o w e r s a l i n i t y s h o w n , bu t f a i l e d 
to grov. at t he h i g h e r sa l in i ty . 
* L o w c o n c e n t r a t i o n of g lucosylg lycero l p r e s e n t (see tex t ) . 
fO 
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spec t rum also displays broad fea tures due to pro te ins and polysacchar ides in the extracts . 
Indeed , resonances f rom a glucose-based polysacchar ide were present in spect ra of most f resh-
wate r species. 
T h e o ther m a j o r osmoregula tory solute found in f r e shwate r species was the symmet r ica l 
d i s accha r ide t rehalose. Glucose and f ruc tosc were observed in spect ra of a n u m b e r of s t rains , 
but only ¡a five (N101, N 109, N 117, 372 and 419) did the concen t ra t ions of one or both of t hem 
increase with increased salinity in the med ium. A m i n o acids, par t icular ly L-glutamate, were also 
observed in a few extracts , but their concen t ra t ions did not increase with salinity. The i r 
presence m a y have been due to the presence of c o n t a m i n a t i n g bacter ia . Results for the fresh-
wa te r species are summar i zed in Tab le 1. 
F igure 2{b) shows the spec t rum of a typical m a r i n e species. In this, as in all o ther mar ine 
species, the spec t rum is d o m i n a t e d by resonances f rom 0 -a -D -g lucopyranosyl - ( l - •2) -g lycero l . 
In a few spec t ra , resonances were observed f rom the s ame glucose-conta ining po lysacchar ide as 
found in the f r e shwa te r species, and in some cases a m i n o acids, including L-glutamate, were 
present , but not as osmoregula tory solutes. A few spectra also conta ined resonances f rom low 
concen t r a t i ons of glucose and glycerol. This indica ted ei ther tha t these cons t i tuents were present 
at s ignif icant concen t ra t ions in the live cells prior to harves t ing , or tha t slight decompos i t ion 
occur red dur ing p repa ra t ion of the extract , as no changes in the concen t ra t ions of glucose and 
glycerol occurred dur ing spectral acquis i t ion. W i t h the except ion of small quan t i t i es of glucose 
der ived in this way, no resonances of any o ther mono- or d i sacchar ides were ever observed in 
spec t ra of the mar ine strains. Th i s does not imply tha t these cons t i tuents were absen t f r om the 
ext rac t , but indica tes that their mola r concen t ra t ions were so much lower than tha t of glucosyl-
glycerol as to be unde tec tab le in the spectra . As a corollary, their role in osmoregula t ion in these 
species must be insignif icant . 
T h e spec t rum of a hypersa l ine spccics Gloeocapsa N107 (Fig. 2c) con ta ins six resonances 
f rom the symmetr ica l d i sacchar ide trehalose, as well as resonances f rom the A^-trimethyl and 
me thy lene ca rbons of g l \ c inc be ta ine , at 54-7 and 67-5 p .p .m. , respectively. T h e resonance f rom 
the carboxyla te ca rbon of glycine beta ine , near 171 p .p .m. , is small because of par t ia l sa tura t ion 
(see above) , and therefore it was not used for quant i f ica t ion . T h e resonances f rom the N-
t r imethyl and methylene ca rbons are split into tr iplets due to ' coupl ing (Nor ton , 1979), 
but the spl i t t ings are not well resolved in Fig. 2(c). 
In several spect ra a p rominen t unident i f ied resonance, near 53-3 p .p .m. , was observed . Th i s 
peak was b road , suggesting tha t it migh t arise f rom carbon coupled to '"^N (as in the case of 
glycine beta ine) , but clear spl i t t ing was not resolved. T h e spec t rum of a part ia l ly purified extract 
of Calothrix N181 showed that the solute responsible for this peak also con ta ined two methy lene 
ca rbons , a m e t h i n e carbon and two carboxyla te ca rbons , suggesting tha t this c o m p o u n d may 
cor respond to L-glutamate be ta ine (A'-tr imethyl-L-glutamate, c o m p o u n d I). 
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Thi s was conf i rmed bv svnthesis of the au then t i c c o m p o u n d by the me thod of D a k i n & West 
(1929). T h e produc t had chemica l shi f ts of 25-0(t), 35-l(t), 53-5(q), 80 ()(d), 173-2(s) and 
181 •9(s) in D . O at p H 9; and 22-9(t), 31-0(1), 53-6(q), 75-7(d), 170-5(s) and 176-5(s) in D , 0 at 
pM 0-9, in excellent agreement with those of the osmoregula tory solute found in some of the 
hypersa l ine strains. To our knowledge this is the first report of the occur rence of c o m p o u n d I in 
na ture , or of its role in osmoregula t ion in cyanobac tc r i a . 
Osmoregulatory solutes in cyanobacteria 





Saccharide^ G l u c o s y l g l y c e r o l 
Q u a t e r n a r y 
n i t rogen c o m p o u n d 
20 4 0 60 80 
I 
100 :20 140 160 
V l a x i m u m salinity to le ra ted for g rowth (g N a C l 1 ') 
Fig . 3. D i s t r i b u t i o n of sa l in i ty t o l e r a n c e a n d d o m i n a n t o r g a n i c o s m o r e g u l a t o r y so lu tes in c y a n o -
b a c t e r i a . S h a d e d a r e a s r e p r e s e n t m e m b e r s of t h e g e n u s Synechucoccus. 
In a d d i t i o n to t r e h a l o s e , g l y c i n e b e t a i n e a n d L - g l u t a m a t e b e t a i n e , suc rose w a s a l so f o u n d in 
s o m e h y p e r s a l i n e s p e c i e s . G l u c o s y l g l y c e r o l w a s o b s e r v e d in s p e c t r a of f o u r spec ie s , N 1 6 3 , 352, 
355 a n d 361, bu t t h e leve ls w e r e a l w a y s m u c h l o w e r t h a n t h o s e of g lyc ine b e t a i n e , i n d i c a t i n g t h a t 
it w a s n o t t h e d o m i n a n t o r g a n i c o s m o r e g u l a t o r y so lu te in a n y of t he se spec ies . L - G l u t a m a t e w a s 
a l so p r e s e n t in s e v e r a l e x t r a c t s , b u t its c o n c e n t r a t i o n d id not i n c r e a s e w i t h i n c r e a s i n g sa l in i ty . 
T h e m a j o r o r g a n i c o s m o r e g u l a t o r y so lu t e s a c c u m u l a t e d by e a c h s t r a in a re l is ted in T a b l e 1, 
t o g e t h e r w i t h the t a x o n o m i c a s s i g n m e n t s a n d o r i g i n s of s t r a i n s . 
Habitat 
A g o o d c o r r e l a t i o n ex i s t s b e t w e e n t h e t y p e of o r g a n i c so lu te a c c u m u l a t e d a n d the h a b i t a t f r o m 
w h i c h a s t r a i n w a s i so l a t ed . S t r a i n s a c c u m u l a t i n g q u a t e r n a r y n i t r o g e n c o m p o u n d s , e i t h e r w i t h 
o r w i t h o u t d i s a c c h a r i d e s , w e r e u sua l ly i so la t ed f r o m e n v i r o n m e n t s in w h i c h N a C l r e a c h e s h i g h 
c o n c e n t r a t i o n s , f o r e x a m p l e t h e s u p r a l i t t o r a l z o n e o r salt l akes . S t r a i n s in t he g r o u p w h i c h 
a c c u m u l a t e d on ly s a c c h a r i d e s w e r e usua l ly i so l a t ed f r o m e n v i r o n m e n t s w h e r e N a C l c o n c e n t r a -
t i o n s w o u l d be low, s u c h as in l a k e w a t e r o r soil . W i t h a f ew e x c e p t i o n s , s t r a i n s a c c u m u l a t i n g 
g lucosy lg lyce ro l a s t h e i r d o m i n a n t o r g a n i c o s m o r e g u l a t o r y so lu te w e r e i so la ted f r o m t h e m a r i n e 
e n v i r o n m e n t . 
T h o s e s t r a i n s w h i c h , a l t h o u g h p l a c e d in t h e m a r i n e g r o u p on t h e bas i s of t he i r s a l t - t o l e r a n c e 
r a n g e fo r g r o w t h a n d t h e i r a c c u m u l a t i o n of g lucosy lg lyce ro l as t he d o m i n a n t o s n i o r e g u l a t o r y 
so lu te , w e r e no t d i r e c t l y i so la t ed f r o m a m a r i n e s o u r c e , w e r e i so la ted f r o m : t he S a l t ó n Sea 
{Synechocystis N 1 6 7 ) , a n a l k a l i n e p o n d in C h a d {Synechococcus N i l i ) , o r f r e s h w a t e r 
(Synechocystis N 1 0 6 ) . T h e S a l t ó n S e a , in C a l i f o r n i a , is a m a n - m a d e i n l a n d l a k e w h i c h h a s a 
s a l i n i t y a n d c o m p o s i t i o n s i m i l a r t o t h a t of s e a w a t e r ( F u g s t e r & H a r d i c , l'-)78). W e cou ld not 
o b t a i n f r o m t h e P a s t e u r C u l t u r e C t ) l l ec t ion f u r t h e r informaticMi on t h e { lar t icular a l k a l i n e p o n d 
in C h a d , w h i c h w a s t h e s o u r c e oi' Synechococcus N i l i . W a t e r s a r o u n d L.ake C h a d r a n g e f r o m 
f r e s h w a t e r ( < 1 g d i s s o l v e d so l ids 1 ' ) to b r i n e s d o m i n a t e d by . \ a ' Ci)¡ CI , w i t h a sa l in i ty 
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of 300 g ' at p H 10-3. H o w e v e r , the re a re also sal ine wa te r bodies which do not become very 
a lka l ine and in which the d o m i n a n t ions are + ^ - C l " - S O ^ " (Eugster & Hard ie , 1978), a 
compos i t i on which closely resembles tha t of seawate r . 
Synechocysiis N 106, l ike Synecliocysiis P C C 6803, was isolated f r o m fresh wa te r near Berkeley 
in Ca l i fo rn i a (Stanier ci al., 1971). Syncchocystis P C C 6803 has a salinity to le rance ex t end ing to 
a lmos t 65 g N a C I T ' a n d synthes izes glucosylglycerol as the d o m i n a n t alcohol-soluble low 
molecu la r we igh t o rgan ic o smoregu l a to ry solute (R i cha rdson ci al., 1983). Both Synechocysiis 
N 1 0 6 and P C C 6803 will g row in f resh wate r , l ike m a n y o ther m a r i n e s t rains , and so they should 
be able to surv ive in a f r e s h w a t e r e n v i r o n m e n t a f t e r t r ans fe r f rom the sea by m a n or o the r 
m e a n s . Glucosylglyccrol was not de tec ted in any o the r isolates f rom low salinity e n v i r o n m e n t s . 
Salinily tolcrance groups 
Al though there are obvious ly th ree g roups based on the class of d o m i n a n t o rgan ic solutes 
a c c u m u l a t e d u n d e r salt s tress. Fig. 1 does not reveal any obv ious groups of cyanobac t e r i a with 
d iscre te sal ini ty to lerance ranges . H o w e v e r , e x a m i n a t i o n of a f r equency h i s togram of the 
n u m b e r of s t r a ins versus the m a x i m u m sal ini ty tolerated for g rowth (Fig. 3) reveals that there 
are th ree g roups of c y a n o b a c t e r i a based on sal ini ty to lerance, and that there is an excellent 
cor re la t ion be tween the sal ini ty to le rance g roup and the class of solute accumula t ed . Con t r i -
bu t ions of all the Syncchococcus s t r a ins tested are shaded in Fig. 3 and emphas i ze the presence of 
th ree d is t inc t groups . T h e th ree g roups are n a m e d by desc r ib ing the most c o m m o n type of 
e n v i r o n m e n t a l origin of isolates in each g r o u p : f r e shwa te r , m a r i n e and hypersa l ine . 
D I S C U S S I O N 
All cyanobac t e r i a tested showed a pos i t ive and measu rab le response to salinity stress, wi th 
o rgan ic osmoregu la to ry solutes be ing a c c u m u l a t e d in every species, regardless of its t axonomic 
classif icat ion, salt to lcrance or the h a b i t a t f r o m which it was isolated. C y a n o b a c t e r i a f r o m s imilar 
e n v i r o n m e n t s accumula t ed s imi la r m a j o r o rgan ic osmoregula to ry solutes (Table 1). Isolates 
f rom fresh water , s t ream wate r , lake wa te r or soil accumula t ed sacchar ides , while isolates f rom 
seawate r . the inter t idal zone or m a r i n e mud p roduced a he teros ide (glucosylglycerol) in response 
to salt stress. C y a n o b a c t e r i a f r o m the supra l i t tora l zone, sal ine pools, hypersa l ine ponds , salt 
works and salt lakes p r e d o m i n a n t l y accumula t ed q u a t e r n a r y ni t rogen c o m p o u n d s , such as 
glvcine be t a ine or L -glutamate be ta ine . Four s t ra ins , N107, N112. N181 and N201, a p p e a r to 
fo rm a fu r the r ha lo to lerant subgroup , cha rac t e r i zed by accumula t ion of d i saccha r ides together 
wi th qu . i . c rnary ni t rogen c o m p o u n d s . 
Previously we proposed tha t ' m a r i n e ' cyanobac t e r i a could be identified by their abili ty to 
synthesize and accumula t e glucosylglycerol as a m a j o r osmoregula tory c o m p o u n d and by their 
related abil i ty to grow in seawa te r -based m e d i u m with total m a x i m u m NaCI of 60 -110 g l " ' 
( M a c k a v ct al., 1983). T h e p resen t results suppor t this proposal , and d e m o n s t r a t e tha t the corre-
la t ions of hab i t a t , sal ini ty to le rance and class of ma jo r o rgan ic osmoregula tory solute 
accumula t ed extend to f r e s h w a t e r and h y p e r s a l m e species. T h e f inding that glucosylglycerol is 
present in some hypersa l ine species does not negate this corre la t ion , but emphas i ze s that it 
app l ies to the dotuiuant o rgan i c osmoregu la to ry solutes. N a t u r a l - a b u n d a n c e ' ' C N M R 
spec t roscopy is ideallv sui ted to iden t i fy ing the d o m i n a n t o rganic solute(s) in an ext rac t , as 
ind ica ted in F^esults. 
T h e three classes of solutes found as d o m i n a n t osmoregula tory solutes in cyanobac te r i a have 
also been found as d o m i n a n t o smoregu la to ry solutes in plants , l ichen, algae and pho to t roph ic 
and he t e ro t roph ic bac ter ia , and there is some corre la t ion be tween hab i ta t and class of o rgan ic 
osmoregu la to ry solute found in these o r g a n i s m s too. T h e most s t r ik ing corre la t ion is found in 
o r g a n i s m s f rom hvpersa l ine e n v i r o n m e n t s . In ficlotliiorhoJospira luilochloris, an ex t remely halo-
phil ic . p h o t o t r o p h i c b a c i e r i u m with a sal ini ty o p t i m u m of 200 g NaCI 1 the concen t r a t i on of 
glycine be ta ine increases wi th inc reas ing sal ini ty and can account for up to 1 0 " , o f cell dry 
weight (CKilinski & Triiper, 1982). In e.vponential phase cells of the modera te ly haiophi l ic 
bac t e r ium Ha, the in t racel lu lar level of glvcine be ta ine is directly p ropor t iona l to salt-stress at 
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sal ini t ies of 0 -5 -3 0 M - N a C l (Risk ct al., 1982). In ha lophy le s (p lan ts able to grow m 
e n v i r o n m e n t s where the N a C l c o n c e n t r a t i o n is subjec t to wide i luc tuat ions , such as in coas ta l 
salt marshes ) , increased syn thes i s of g lyc ine be t a ine in response to salt s tress cor re la tes with the 
salt res is tance of the p lan t s (Storey & VVyn Jones , 1975, 1977). 
He te ros ides are the m a j o r p h o t o s y n t h e t i c ['iroducts and low molecula r weight s torage p roduc t s 
of m a r i n e red algae (Cra ig ie , 1974). A n o s m o r e g u l a t o r y role for the he te ros ides was repor ted for 
several species by K a u s s (1968), a l t h o u g h K r e m e r (1979) was unab le to conf i rm these results. 
Howeve r , he te ros ides h a v e u n d i s p u t e d roles as o smoregu la to ry solutes in some m a r i n e and 
b rack i sh wate r o r g a n i s m s . Porphyra purpurea a c c u m u l a t e s f lor idoside (O-a-D-galac topyranosyl -
(1 -•2)-glycerol) , Polerioochromonas nuilhamensis i sof lor idoside (<9-a-D-galacU)pyranosyl-(l 1)-
g lyce ro l )and Lichina pygrtiaea mi\nnos,\domiwnito\ {Rccd et a!., 1980; Kauss , 1967; Feige, 1972). 
T h e g roup of c y a n o b a c t e r i a de s igna t ed as m a r i n e all a c c u m u l a t e d the he te ros ide O -a-D-gluco-
pyranosy l - ( l - •2 ) -g Iycero l ( M a c k a y el a!., 1983). 
T h e green algae Seerjcdesmus obliquus a n d Chlorella pyrenoulosa a c c u m u l a t e the d i s accha r ide 
sucrose w h e n sal t-stressed (Kauss , 1977). C y a n o b a c t e r i a isolated f r o m fresh wate r or soil also 
a c c u m u l a t e d i s accha r ide s (sucrose a n d / o r t rehalose) . 
Osmoregu la to ry solutes which a c c u m u l a t e to h igh c o n c e n t r a t i o n and in do ing so do not inhib i t 
e n z y m e act ivi ty have been t e rmed c o m p a t i b l e solutes (Brown & S impson , 1972). These 
c o m p a t i b l e solutes a re t hough t to act e i the r by a co -opera t ive b ind ing to p ro te ins wh ich does not 
induce a c o n f o r m a t i o n a l c h a n g e , or by a f f e c t i n g the wa te r d o m a i n s u r r o u n d i n g the h y d r o p h o b i c 
g roups in the pro te in , r a the r than b i n d i n g to the p ro te in itself ( B o r o w i t / k a , 1981). N o n e of the 
osmoregu la to ry solutes found a m o n g the c y a n o b a c t e r i a has been assayed !br their e f fec t s on 
e n z y m e act ivi ty in cel l-free cyanobac t e r i a l sys tems, but some have been a s s a \ e d in o the r cell-
f ree systems. M o n o s a c c h a r i d e s and d i s a c c h a r i d e s are cons idered poor c o m p a t i b l e solutes 
because high c o n c e n t r a t i o n s inhib i t e n z y m e act iv i ty (Brown , 1976; S i m p s o n , 1976; R o z e m a ct 
al., 1978). T h i s may accoun t , at least in pa r t , for the poor sa l t - to lerance of f resh water cyano-
bac te r ia . Glucosylglycerol has not been assayed for its e f fec t s on enzyme act ivi ty . G lyc ine 
be ta ine is well d o c u m e n t e d as a good c o m p a t i b l e solute. W h e n present at 0-5 .m it docs not signi-
ficantly inhib i t e n z y m e act iv i ty , m i t o c h o n d r i a l or ch loroplas t f unc t ion , polysomes or pro te in 
synthesis , and may even par t ly protect some e n z y m e s aga ins t salt to.xicity (Pol lard & Wyn Jones , 
1979, W y n Jones', 1980). 
T h e d a t a on d o m i n a n t o rgan ic o s m o r e g u l a t o r y solute type, s t ra in h a b u a t and sal ini ty 
to le rance p resen ted here show three b road sa l t - to le rance g roups : f r e shwa te r , m a r i n e and 
hypersa l ine . R i p p k a ei al. (1979) d i s t i ngu i shed only be tween m a r i n e and fresh water cyano-
bac te r ia , and def ined as m a r i n e those s t ra ins which would not grow in BG-11, even when 
s u p p l e m e n t e d with 30 g N a C l 1 " b e c a u s e they had e leva ted r e q u i r e m e n t s for Na ' , CI , M g - ' 
and C a - ^. Whi l e the ma jo r i ty of sal ine wa te r bodies ( > 5 g total dissolved solids 1 ' ' ) have Na ' 
as the m a j o r d o m i n a n t ca t ion and CI or C C plus S O i as the d o m i n a n t coun te r ion(s), the 
c o n c e n t r a t i o n s of o the r ions can vary d r a m a t i c a l l y , due to p rec ip i t a t ion ol" minera l salts and 
e.xchange reac t ions wi th clay mine ra l s ( F u g s t e r & I l a rd i e , 1978). In test ing the salinity to le rance 
of c y a n o b a c t e r i a , we d i s t ingu i shed b e t w e e n the response to the vary ing ion c o n c e n t r a t i o n s and 
the response to the osmot i c stress of the total solute load (mostly due to N a C l ) by a lways tes t ing 
all the cyanobac t e r i a isolated f rom m a r i n e or more sal ine sources witli s eawa te r c o n c e n t r a t i o n s 
of M g ' and C a - ' . T o e x a m i n e ionic r e q u i r e m e n t s most s t ra ins were alst) ics!cd tor g rowth in 
BG-11. 
F igure 1 ind ica tes that some c y a n o b a c t e r i a isolated f rom mar ine or hypei s.iline e n v i r o n m e n t s 
did not requi re high c o n c e n t r a t i o n s of N a C l to suppor t gi \)wth even with low c o n c e n t r a t i o n s ot 
M g - ' and C a - " (in BG-11) , while o t h e r s t r a ins requi red low (5-8 g 1 ' ) to m o d e r a t e (7 0 
21 -6 g r ' ) c o n c e n t r a t i o n s of N a C l , wi th s e a w a t e r c o n c e n t r a t i o n s of Mg- ' and Ca - ' , to suppor t 
g rowth . T h e d i f f e r en t m i n i m u m ionic r e q u i r e m e n t s d i sp layed by the cyanobac t e r i a we tested 
are typical of those found in m a r i n e (Rc iche l t JC: B a u m a n n , 1974; G o w ci al., 1981) and 
modera te ly ha lophi l ic (Brcnvn, 1976) bac te r i a , and are cons i s lcn l with i>ur classi l icat ion 
c y a n o b a c t e r i a basetl on ma)c>r o rgan ic o s m o r e g u l a t o r y solute and salinity lo lcrancc. 
There has been d e b a t e over the e.\ istciicc of t rue ha lophi lcs a m o n g \ c r \ sal l - lolcrant 
2188 M . A. M A C K A Y , R . S. N O R T O N A N D L . J . B O R O W I T Z K A 
(hypersaline) strains of cyanobactcria. H o f & Frémy (1933) considered truly halophil ic forms as 
those able to develop in solutions more concentrated than 3 M-NaCl. Later authors introduced 
the concepts of a m i n i m u m requirement for NaC l to support growth, optimal growth in 
solutions more saline than seawater, and the ability to grow in saturated NaC l (Brock 1976' 
Y o p p el ai, 1978o). 
Brown ( 1976) listed the approximate salt relations of a number of micro-organisms described 
as non-halophilic, moderately halophil ic, halophil ic or extremely halophilic. Non-halophilic 
bacteria have low salt opt ima, usually in the range 0-2 -0-3 M-NaCl and do not tolerate more than 
about 1-5 M-NaCl. Moderate halophiles can be distinguished by their higher salt op t imum for 
growth (near l OM-NaCl) and by their extended salinity tolerance (to 4 0 M-NaCl). True 
halophiles have much higher salt opt ima for growth (1 -7 -3-8 M-NaCl). Their salinity tolerance is 
differer.t irom that of non-halophiles and moderate halophiles, in that they require a m i n imum 
of 1 •5-2-0 M-NaCl to support any growth at all. They are also able to grow in solutions of 5 M to 
saturated NaC l . Extreme halophiles have salt opt ima of 3-4-5-0 M-NaCl, grow well in saturated 
brine and have a m i n imum requirement for 2-9 M-NaCl. 
Strains of cyanobacteria reported to be halophil ic or extremely halotolerant have been 
isolated by Ho f & Frémy (1933), K a o et al. (1973), Brock (1976), Miller et al. (1976) and 
M o h a m m a d et al. (1983). The isolates examined by Ho f & Frémy (1933) have upper salt 
tolerance limits for growth of less than or equal to that of moderate halophiles (Brown, 1976). All 
the other strains do not have the m i n i m u m growth requirement for 1 •5-2 0 M-NaCl 
characteristic of halophiles and so cannot be defined as truly halophilic. Most of the strains have 
characteristics which obviously group them with the moderately halophilic bacteria. 
The most salt-tolerant cyanobacteria we tested were Synechococcus N161 and 351. O r 
med ium solidified with 7 g Di fco Bacto agar r ' at 38-41 °Q and 18-24 ^lE ^ s" ' (1'3 
\-l klx), >:)ese strains had upper salt tolerance limits of 240 g NaC l 1" ' (4-2 M) and 210 g N a C 
1 " ' (3^6 M), respectively. Both these strains had low growth requirements for NaCI (about 0 2 M 
and have salinity opt ima in the range 1 0-1 ̂ 7 M-NaCl. These strains can therefore be describe^ 
as moderately halophilic. However, not all cyanobacteria able to grow at or above 130 g NaC 
1 " ' (2^2 M) can be classified as moderate halophiles, because the level of NaC l they require fc 
opt imal growth and the max imum N a C l tolerated for growth may be too low. For exampl-
although the max imum salinity that Glococapsa N107 and LPP N I 12 tolerate for growth is 1-1 
2^5 M-NaCl, these cyanobacteria have salinity opt ima in the range 0 2-0-5 M-NaCl. The; 
strains might be better described as halotolerant. 
W e and others ( H o f & Frémy, 1933; M o h a m m a d et ai, 1983) have found that morphologic 
variabil ity can be dramatic among single-cell, moderately halophilic cyanobacteria. Cell sha 
can change from coccoid to elliptical, to bacill iform and even to filamentous, and the number 
planes of division can vary. The nomenclature of the various morphological forms has led 
confusion in the taxonomy, because little phenotypic or genotypic data were available. R i pp 
et al. (1979) used m i n imum requirements for growth rather than habitat as a reliable phenotyi 
marker in their taxonomic classification of cyanobacteria. Recently, Richardson et al. (19 
noted the importance of both habitat and salinity tolerance when used as taxonomic charact( 
and M o h a m m a d et al. (1983) considered the question of whether osmoregulatory solutes w 
species-specific or habitat-linked. 
The genotypic analysis of Syuechococcu.s, as defined by R ippka et ai. (1979), suggests \ 
there may be three genera characterized by low, intermediate and high mol^^ G -I- C , but c 
on habitat did not suggest a further classification to species. Data on the G -I- C con 
(R i ppka i'/î;/., 1979) of some of the .S)7U'c7/i;(YJr(7/.v strains we tested indicate that représentât 
of the different salinity tolerance groups will probably be found in each of the three G 
groups. For example, Syneehococcu.s N1 1 1 (marine) and 7418 (moderately halophilic) occi 
the low G -f- C group, Syneehococcu.s Nl()2 (freshwater) and N166 (marine) are in 
intermediate G C group and Synechococcu.s N158 (freshwater) is in the high G + C gr 
There is, however, insufficient genotypic data to suggest that salinity tolerance, cla; 
domman t organic osmoregulatory solute and habitat reflect different species within a particular 
G + C group 
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Most cyanobac te r i a are notable for their lack of pheno typ ic trai ts sui table for numer ica l 
analysis , and the results of R i p p k a f / al. (1979) fov Synechococcus strains avQ typical of all cyano-
bac te r i a as a group. Most of the s t ra ins did not possess the pheno typ ic abil i t ies or t rai ts 
e x a m i n e d . For example , most are not facul ta t ive pho tohe t e ro t rophs ; they canno t grow using 
; glucose, f ructose , sucrose, r ibose, glycerol, ace ta te or glycollate as their sole ca rbon source. All 
the Synechococcus s t ra ins we examined accumula t e some d o m i n a n t organic osmoregula tory 
solute(s) and could be clearly recognized as belonging to one of three physiological groups on the 
5 basis of e i ther the solute class or the salinity to lerance of the s t ra in . Because all cyanobac te r i a 
I a ccumula t e some m a j o r organic solute(s), this abil i ty to categorize cyanobac te r i a ex tends to all 
I t a x o n o m i c subdivis ions , and the ma jo r solutes accumula ted may be useful t ra i ts in numer ica l 
I t a x o n o m y of cyanobac te r ia . 
A f t e r submiss ion of our manusc r ip t , a pape r by Reed et al. (1984) identified three carbo-
hydra tes , sucrose, t rehalose and glucosylglycerol, as o rganic osmoregula tory solutes in fresh-
water and ma r ine species, in ag reement with our findings. However , while the t rend was 
towards glucosylglycerol accumula t ion in ma r in e s t ra ins and sucrose and trehalose accumu-
lat ion in f r e shwa te r forms, they found no absolute d i f fe rences between cyanobac te r ia isolated 
f r o m each hab i t a t . 
Reed et al. (1984) classified strains as f r e shwa te r or m a r in e on the basis of their origin or 
hab i t a t , and examined the ability of these s t ra ins to grow in f r e shwa te r or m a r i n e media , which 
p roper ty reflects the m i n i m u m ionic r equ i remen t s for growth . By contras t , we examined the 
salinity to lerance range of each strain, and our classification is based on the maximum salinity 
tolerated for growth . By this latter cr i ter ion, the s t ra ins fall into three broad categories, 
charac te r i zed by d i f fe ren t profiles of o rganic osmoregula tory solutes, as shown by the f requency 
h i s togram (Fig. 3). These groups were des igna ted f reshwater , mar ine and hypersal ine, 
accord ing to the hab i t a t which typifies each group. Because there are no da ta in the pape r of 
Reed et al. (1984) on the m a x i m u m salinit ies tolerated for g rowth of the s t ra ins tested, their 
results d o not negate the correlat ion found in our work be tween salinity to lerance and class of 
ma jo r o rgan ic osmoregula tory solute accumula ted . 
Reed et al. ( 1984) did not test for organic osmot ica o ther than carbohydra tes . T h e technique of 
' ^C N M R spectroscopy, as used in our work, detects all classes of low molecular weight organic 
solutes, and provides, therefore , a more comprehens ive pic ture of the solute content of each 
strain. In par t icular , we have detected glycine beta ine and L-glutamate beta ine in several hyper-
saline s t rains . Some of these s trains also accumula ted sucrose and trehalose, which occur in 
f r e shwa te r s trains. It is possible that those s t ra ins found by Reed et al. (1984) to grow only in 
ma r ine m e d i u m and to accumula te sucrose or t rehalose may fall into this category. A screen of 
c a r b o h y d r a t e content alone does not permi t a dis t inct ion to be m a d e between the organic osmo-
regulatory solutes of f r e shwate r s t rams and those of some hypersal ine strains. 
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Appendix IV. . Saline habitats and speciation of 
Cyanobacteria in Geitler(1932) and 
Desikachary (1959). 
Keys to the determination of species often include 
specific reference to the salinity of the habitat. 









and Xenococcus from Geitler (1932) and for 
Xenococcus from Desikachary (1959). 
Bestimmungsschlüssel der Arten means Key to the determination 
of species. 
Suy?wasser means freshwater. 
Salzwasser means salt water, brine. 
Marin/e means marine. 
From Geitler (1932): CALOTHRIX A8ardh,lS24 
B o t i iiuu u II g u ti c h 1 ü u ti e I 
der in Euro{>a gefumloiion Arten 
1. Marin. 
1. "Endophytiach; Baald der Tricliuiue uUrk lingeuchwollon 
C. parusilica 1. 
2. Kreileboiid 
A. Fäden bia 12 ft breit 
a) Zollen blaiigrim (]. aonif,'iiioa 2 
b) Zellen oüveiigruii bis violett C. fusco-violacca :t 
11. Faden breiter 
a) Ifeterocybten nur buaal 
u) Babia der Trielionie .Icutlieli aiigeaeliwollen. 
(!. Contari'.nii 4. 
ß) Baaia der Tiielu)ine niclit uiler nur wenig an-
ges(;li Wullen 
* Faden bia 18/i breit. 
I Haar lang, Fiulcn bzw. Aate nielit in 
Bübchel/i C. stopuloruin 5. 
tt Haar kurz, Faden bzw. Aato buaeiielig 
C. pulvinata <5. 
** Faden breiter 
I Faden 12 -25/i breit 
C. confcrvicola 7. 
II Fadel» 21- 29/; breit 
C. coMüOfiata 8. 
b) Heterocyaten basal und interkalar 
a) Fäden unverzweigt (J. crustacca t). 
ß) Fäden mehr oder weniger aparlicli vt;rzweigt. 
* Triehun\o 8 12breit, Seheideii ge-
achichtet C. prolitcra 10. 
Triclunne 9--15/i breit; Seliuiden nielit ge-
achiehtct C. vivipura 11. 
y) Faden sehr stark busclielig verzweigt 
C. Taificulala 12 
I I . Im Süßwaaaer 
]. Mit Dauerzellen (1. stagnalis 13. 
2. Ohne Dauerzellen. 
A. Faden und Trichonie an der Basis nielit an-
gesehwullen')') 
a) Basaler Teil vullkuuuncn z\-|inili iscli 
C. I'lahaullii U. 
b) ilaaaler Ttil mehr oder weniger von unten an ver-
jungt. 
u) Faden 18 -2l/i breit . , . C. adscendcns 15. 
ß) Faden 9 -12{ - lS)u bicil 
* SeLeiden braun (J. pariotina lÜ. 
Seheiden farbicis 0. Brauiiii 17. 
y) Faden aelniialer, 
* Zellen langer als breit, Kaden 8 /i breit 
C. Weberi 18. 
** Zellen kurzer als breit. 
j- 'l'riclionie 3,5 -4 u breit 
C. cpiphytica lü. 
II Triehonie 4-4,5'; breit 
G. inarcliicft 20. 
B. Faden und Tnehüiue an der Basis zwiel.ielartig 
ver<liekt. 
a) Faden 21-30/; breit . . C. Haincnskü 21. 
b) Faden 3 - 13/i breit. 
ii) Fäden 3 -5,7/1 breit . . (i. Kosalnskajao 22. 
ß) Fadei» ea. 7 /; breit. 
* Ohne Haar ('. lllcilkinil 23 
Mit Haar C. elavalii 24 
y) Faden 8 10 n breit 
* Scheiden liiek, gesehicht-ot in Thermen 
C. llierinalis 2;i 
** Seheld<-n dunn, nicht geaehiclitet 
('. Brauiiii 17 
(3) Faden breiter 
* Triehiinie Ü "u brnt . ('. stclhiris 2l) 
** Triehunio 7 S u Im it . . . ('. fii.sca 27 
**• Tiichiime 8 ll»/i bn it (!, ('asti li  2S 
M VkI ttiiili O (fic"n<ili3 
.) (;„|„g„,.tt,cl, kOu>....u .l.r Wr ..fK.-ahln-n Arn-, 
.Ii loiîhl aiigcoi liwc.loi  »<11 
12/ 
DERMOCARPA Crouan,1858 
B o f l t i m m w n g f l H c h l Ü R H o I d o r A r t o n : 
I. Marin. 
1. Kporangion an dnr Ba«Ì8 abgonuuict, am Sulioit^l z.u 
g<'«I''t7.t I). cus'pidaift 1. 
2 . i S p o r a i i g i o T i a n d o r s g o s t ^ l l A t . 
A. S]K>rangioii nicht, odor kainn hOlicr als hroit. 
a) Si>orangic,n halbkugelig . . . 1 ) . licrnifiphiioricft 2. 
b) iS()orangion niohr cnlor wonigor kiigolig. 
a) Sporangion 5—7 /i groß . . . I). minima 3. 
ß) Sporangicn 8—Iß/i groß . . . I). Rphn(^ricn 4. 
d) Sporangion 18—25/t groß . . I). Rphaoroidoa 5. 
y) Sporangion 20—36 /i groß . . . I). pacifica ß. 
B. àSporangion länglich. 
a) Sjwrangicn ollipsoidifloh bis kculig, an dor Banis 
nicht cingozogon, olmo Stiol. 
a) Sjxirarigion häufig zylindrisch-oilipsoidiflcli. 
* Sporangion bis 24 (—30) /i broit. 
+ Sporangion bi.s 30 // lang I). prasina 7. 
+ Sporangion bis 90 /i lang D. Farlowii 8. 
** Sporangicn bifl 8,5 /t broifc I). sorcdiformis i). 
* * * Sporangicn bis 5/t broit D. etrangulaU 10. 
/?) Sporangicn gegen dio Basifl 7,u deutlich vcr-
fichniälcrt. 
* Sporangicn bis 6 /i brcit. 
Sporangion wenig länger ala broit 
I). rosea 11. 
+ Sporangicn bia 30 /i lang 
I). biscaycnsis 12. 
** Sporangion bin 28/t brcit . P . violacea 13. 
* * * Sporangicn bis 40// brei t ' ) D. protra 14. 
b) Sixirangicn an der Basis eingezogen, birnförmig 
oder mit abgesetztem Stiol. 
a) Mit Sticlzcllo oder mit Htorileni Baaalt^iil. 
* Sporangicn bis 30/i breit . D. fucicola 15. 
** Sporangion bis 24 ¡t broit I). Loiblciniae 16. 
Sporangicn bis 14 /i breit . D. suflulta 17. 
ß) Ohne Sticlzclie und sterilem Baflaltoil. 
* Sporsiigicn bis 17/i breit . D. olivacca 18. 
Sporangion bis 11 /i breit I). smaragdina 19. 
Sporangion bis 28 // breit . P. vlolacea 13. 
I I . Im Süßwasser. 
1. Sporangion nicht gestielt. 
A. Sporangien flachgedrückt I). doprcssa 20. 
B. S[)orangicn biniiOrmig I). a(]uao-dnlcis 21. 
C. Sporangicn regelmäßig kugelig oder fast kugelig 
a) Sporangien bis 16/< groß . . . D. versicolor 22. 
b) S{X)rangien bis 4 /i groß 0. parva 23. 
I). Sporangien unregelmäßig gestaltet, ovi\I, kiigelig, 
cckig I). Flahaultii 24. 
2. Sporangicn gestielt. 
A. Sporangiutnwand im Alt<ir ganz verschleimend 
I>. sphagiilcola 25. 
B. Sporangium wand nicht verschleimend 
a) Sporangium bis 10// breit 
a) Sporangium bis 11 /t lang 
I). chamacsiphonoidcs 26. 
ß) Sporangium ül>or 30 /i lang . . l). clavatj» 27. 
b) Sporangion 11 —16//breit. 
n) Sjiorangium binifrirmig . . . I). incrassata 28. 
/?) S|)orangium fast kugelig . . I). versicolor 22. 
' ) Vgl. Äuoh O. piici/icn. 
GLQEOCAPSA Kutzing,1843 
B e a t i m m u n g s s c h l ü s s e l d e r A r t o i i 
I. H ü l l e n d e r Z e l l o n f a r b l o s (bei Gl. air ata zuwei len b läu-
l icb) S e k t . IlyalocapHu. 
1. Hü l l en nieiöt g e s c h i c h t e t . 
A. G r o ß e F o r m e n , Zellen o h n e Hül le bis g r o ß . 
a) Zellen m i t Hü l l e bis 21/« g r o ß 
(j!I. (Iccorticiiiis 1. 
b) Zellen m i t Hü l l e bia 39/< groß 
(il. culdi ir ioriun 2. 
B. K le ine F o r m e n . 
a) Zellen o h n e H ü l l e 3—6/^ g roß . 
a) S c h i c h t e n de r Hü l l e ze r f l i eßend , u n d e u t l i c h 
(U. a r e n a r i a 3. 
ß) S c h i c h t e n de r H ü l l e deu t l i ch 
* S c h i c h t u n g b e s o n d e r s s t a r k a u a g e p r ä g t 
Gl. po lydc rma t i ca 4. 
** S c h i c h t u n g „ n o r m a l " . . Gl. m o n t a n a 5. 
b) Zellen o h n e Hü l l e 2,ö /i g roß (iL ge la t inosa 6. 
2. H ü l l e n me i s t u n g e s c l ù c h t e t . 
A. L a g e r v e r k a l k t Gl. c a l ca rea 7. 
B. L a g e r n i c h t v e r k a l k t . 
a) G r o ß e F o r m e n , Zellen o h n e Hül l e 3 — g r o ß . 
a) H ü l l e n i m m e r f a r b l o s . . . Gl. g r a n o s a 8. 
ß) H ü l l e n z u m Teil b läu l ich . . Gl. a t r a t a 9. 
b) Kle ine F o r m , Zellen ohne Hül l e 0 , 8 — 3 / / g roß 
Gl. p u n c t a t a 10. 
I I . H ü l l e n d e r Z e l l e n g e l b b i s b r a u n ' ) 
S e k t , { 'hrysocapsa. 
1. In Salzwasser . 
A. Te i lko lonien m i t f e s te r b ra \ iner Auße i i sch ich t , Hü l l e 
fes t , g e s c h i c h t e t Gl. (leusta 11. 
B. Te i lko lon ien o h n e AuLienschicht , Hül le weich, un-
g e s c h i c h t e t Gl. c rep id inum 12. 
2. I m Süßwasse r . 
A. Sehr g roße F o r m e n . 
a) Zellen o h n e Hül l e 9 15/i g roß . Gl. gigas 13. 
b) Zellen ohne Hül le C - - 1 1 /t g roß Gl. rupcs t r i s 14. 
B. K le ine re F o r m e n (Zellen o h n e Hül le bis 5 /.i g roß ' ) . 
a) Zellen o h n e Hül le 1 - -3 / i g roß . 
a) Hül le n i ch t gesch ich te t Gl. d e r m o c h r o a 15. 
ß) Hül le ge sch i ch t e t . . . Gl. fusco- lu toa IG. 
b) Zellen o h n e Hül le 3 - 8 / i g roß . 
a) Zellen o h n e Hül l e 3 - 5 / i g roß 
Gl. 'v i i tz ingiana 17. 
ß) Zellen o h n e Hül le 5 - - 8 / t g roß 
Gl. mura l i s 18. 
III . H i i l l o n d e r Z e l l e n r o t , b r a u n r o t o d e r o r a n g e 
S o k t . Rhodocnpsa. 
1. Kleine Formen, Zellen ohne Hüllen 2—4/< groß ' ) . 
A. Zellen sehr klein. 
a) Hüllen eng, dunkelrot. 
a) Zellen m i t Hülle 2—4/x groß. 
Gl. liacmatodes 19. 
ß) Zellen mit Hülle 4 — 6 / i groß Gl. ruplcola 20. 
b) Hüllen weiter, teilweiae farblon. 
a) Zellen ohne Hülle 2,5/z, mit Hülle 4 — 6 / i groß 
Gl. sabulosa 21. 
ß) Zellen ohne Hülle 1—2.6 / i , mit Hülle 6—7,8 / i 
groß Gl- thermalis 22. 
B. Zellen größer (ohne Hülle 3 — 4 , 5 / / dick). 
a) Hüllen mehr oder weniger gelb 
Gl. stegophila 23. 
b) Hüllen rein rot Gl. quatcrnaria 24. 
2. Große Formen, Zellen ohne Hülle 4—l/i groß. 
A. Äußere Hüllen eng, b r a u n r o t , gewöhnlich un-
geachichtet Gl. magma 25. 
B. Äußere Hüllen weit, blasig abstehend. 
a) Hüllen ungeschicht^jt. 
a) Hüllen gelb bis orange 
Gl. Shuttloworthiana 26. 
ß) Hüllen rot Gl. saiiguinca 27. 
b) Hüllen deutlich geschichtet. 
(z) Innere Hüllen braunrot, Zellen ohne Hülle bis 
5/1 groß Gl. Itzigsohnii 28. 
ß) Innere Hüllen rein rot, Zellen ohne Hülle bis 
7 fi groß, äußere Hüllen farblos, sehr weit ab-
stehend Ol. Kalfsiana 29. 
IV. H ü l l e n d e r Z e l l e n v i o l e t t » ) . . S e k t . Cyanocapsa. 
1. Zellen ohne Hülle 4 — 6 ( — 8 ) / / g r o ß . . Gl. alpina 30. 
2. Zellen ohne Hülle 2—2,5/< groß . . Gl. compacfa 31. 
') Vgl. auch Ol. Mrgorhxla (23). 
') Gl. mural M bi« 8/1 groß (18). 
•'') Gl. qunirrnarin wird mnnohmal f ( w a« größer. 
SCYTONEMA A g a r d h , 1 8 2 4 
l i e s t i l u m u n g a a c h 1 üaae l de r A r t e n 
1. Marin 
1. Faden 5—8/^ breit Sc. couchüphiluui 1. 
2. Füden Lia 24.{~25) ^ breit 
A. Sclieidcn dick, geachiclitot Sc. siculuiu 2. 
Ii. Sclieidcn duMii, nicht gcacliiolitot Sc. polycybtuin 3. 
I I . I m Suüwaascr 
1. ycbci(ien nicht geachiohtot oder m i t (¡ariillclcn Soliichten, 
meiat relativ dünn 
A. Wuaacrbewohner 
a) Faden 1(5-30(—3ü)/i breit 
a) Zellen aehr kurz Sc. crispuiil 4. 
ß) Zellen länger 
* Scheinäato meiat gekreuzt Sc. chiastuiu 6. 
** Scheiniiato nicht gekreu/.t Sc. rivularo (i. 
b) Faden bia 25 /< breit 
a) In Thermen Sc. v/ureuin 7. 
ß) Nicht in Tliermen 
* Zellen 12—18/; breit. . . Sc. coactilo 8. 
** Zellen schmaler Sc. Cookei 1). 
c) Faden achmäler 
a) Faden 8 — 1 2 ju breit 
* Faden nicht in Bündeln Sc. Uohncrl 10. 
** Fäden in aufrechten Bundein 
Sc. .4rcuiijjclii f. iniuu» I I . 
ß) Faden breiter 
* In Thermen Sc. caldariuiu 11. 
** Nicht in Thermen 
I Faden 15—20/i breit 
* Trichome 12—lö / i breit 
Sc. culcicüluin 12. 
+ + Triohome 7—Sfj. breit 
Sc. Friischii 13. 
t t Faden 9—18 p. breit») 
* Fäden in Bundein Sc. Arcaiigelil 14. 
+ + Fäden nicht in Bündeln 
Sc. übscurum 15. 
B. Landbewohner 
d) Zellen grOQtent^iLa kurzer als breit") 
a) IViuhome torulöa 
* Fäden l ( i—30/ i breit 
I Fäden frei 
+ Zellen kurz . . . Sc. Htuposuii! IC.-
+ Zellen lang . . . Sc. Goinüiitü 17. 
I I Fädeu in Bündeln Sc. fuliicoluiii 18, 
** Fäden achmäler 
I Fäden 15- 21 /j breit 
+ Zellen l Ö - 1 5 / j breit ' ) 
Sc. MiUol 19. 
+ Zellen 4 —10;^ breit 
Sc. Austiuii 20. 
f f Fäden 12—18/i breit, Zellen aehr kurz 
Sc. SchiniJti l 21. 
ß) Triühome nicht torulOa 
* Trichom- bzw. Fadenenden mit Ka[)jH3 
f Faden 13 —15 ,u breit Sc. hyaliuuin 22, 
f f Faden 22—2ü{- 3U)/i breit 
Sc. cuj'i'.iitum 23, 
• • Ohne Kap^R) 
f Faden 28—32 u breit 
Sc. lyii^byoidcs 24, 
f f Fäden bia 20/i breit 
Faden teilweiaeschraubiggcdreht 
Sc. spirul'ucidcs 25, 
Faden nicht achraubig gedreht 
§ Fallen lÜ 20/1 breit 
Sc. .salcycrifUbe 2(!, 
') Vgl. auch äc. (XMjciiU var, mwit/r, 
') aucli.S'c,t<irium, Wu/r-uju,... i il irngliJ.cn FalUn Ist auch die Uriipiu- b 
tu iirufcll, Slclio auch //JJ-WZ/IU hchrujm.i Ö TJu 
') V^l. auch Sc. OuiiiLMitn. 
§§ Fádon 10-18/ í breit 
" Zellen mäßig kurz 
Sc. ocellatum 27. 
Zivilen Holir kurz 
8c. Tiaiisgirgi 28. 
t t t Fäden (9.6—)12—15(-10)/i breit 
Fäden in Bündeln, Zellen mäßig 
kurz Sc. javanicum id. 
+ ̂  Fädon frei, Zellen sehr kurz 
§ Fäden 12 — 16/1 breit 
Sc. tpiiolliini 30. 
§§ Fäden 9 breit 
Sc. obscuruni var. torroslre 15. 
b) Zollen größtenteils länger als breit (nur in den 
Soheitelraeriatemon manohinal kürzer)^) 
a) Fädon 25—29(—33)/i breit 
* Tricbome 7,5—13 fi breit Sc. insigne 31. 
• * Tricbome 15—22/i breit Sc. ma^nuui 32. 
ß) Fädon schmäler 
* Fäden (18—)19—24(—26)/i breit 
f Scheiden sehr dick, Tricbome 3,5 bis 
4 fi breit Sc. aniplum 33. 
f f Scheiden dünn, Tricbome 14—18/i 
breit Sc. punctatum 34. 
Fädon 15—21/i breit»)') 
"(" Scheiden mäßig dick 
+ Zellen in den alten Trichomteilen 
sehr lang 
Sc. longlarticulatuin 35. 
Zellen mäßig lang 
§ Fädon verworren 
Sc. intertextum 36. 
§§ Fäden nicht verworren 
Sc. guyanense 37. 
f f Scheiden sehr dick 
+ Zellen 7 fx breit Sc. Simmeri 38. 
+ + Zellen 6 — 8 b r e i t 
Sc. nolstil 39. 
Fäden 7—12—16/i breit') 
f Scheiden nicht mit Kalk inkrustiert 
Scheiden fest 
§ Fädon 7—13/z breit 
° Alte Zellen sehr lang 
Sc. multirainosum 40. 
Alto Zellen nicht sehr lang 
Sc. Ilofinannl 41. 
§§ Fäden 14 — 16/1 breit 
Sc. sanioense 42. 
^^ Scheiden gelatinös 
§ 2^llon 6—7/1 breit, nicht sehr 
lang Sc. varium 43. 
§§ Zellen 6—9/i breit, bis 24/i 
lang . Sc. subgclatinosum 44. 
f f Scheiden mit Kalk inkrustiert 
Sc. Julianum 45. 
Fäden 6—8/1 breit. . . Sc. tenue 46. 
2. Scheiden mit divergierenden Sohicht«n (aus Tricht«r-
stücken aufgebaut), meist dick') 
A. Scheiden mit wenig divergierenden Schichten 
(streckenweise fast parallel go8ohioht«t), stellenweise 
aber mit deutlichem Tricht«rbau 
a) Fäden (13—)16—21/i breit 
a) Trichomo 6—I2/ i breit . . Sc. mirabllo 47. 
ß) Trichomo 3.6—R/t breit . . . Sc. Bowsii 48. 
b) Fädon 10—15/i breit Sc. tolypothrichoides 49. 
B. Sohoiden sehr deutlich divergierend goschiolitet, aus 
Triohtorstückon aufgebaut 
a) Äste frei 
a) FndíMi 18 -36/1 breit . . So. niyocliroiis 50. 
ß) Fällen 27- 45/1 breit ') . . Sc. crassum 51. 
b) Ast^i IUI (1er Rn-sis f)(l<-r bis zur S|ii(/.(i vcrbuiuli-ii. 
Schlingen bildend Sc. oruslacoum 52 
') In fragliohou F&lleo vgl. »ucli Criii-iH- c. 
•) Vgl. »uoh Sc. ocelltxtum v«r. jiurpurtutn. 
•) Sind di« Vkdea I^-Ig/i broit. so vgl. Sc. gu¡,cint7v4e v.r. 
Sc. B^u^ii und Sa. amjjum U. hxbfrnu:a. 
^Q! 
' j O 
SYI-^ECHOCOCCUS NagGli,1849 
B e s t i m m u n g s a c b l ü s s e l d e r A r t e n 
S. curtus 1. 
II. Süßwaaserarten. 
1. Freilebend. 
A. Zellen schmäler als 5 ¡.i. 
a) Zellen l . ' l — b r e i t , zylindrisch . S. elon^iitus 2. 
b) Zellen 3—4,3 / i breit, ellipsoidisch S. Cedroruni 3. 
B. Zellen breiter. 
a) Zellen 7,5—15/z breit. 
a) Zellen bis ?mal so lang a b breit S. aeru^'iuosus 4. 
ß) Zellen bis 3mal so lang als breit S. brun-rolus 5. 
b) Zellen 20—30u breit S. rfaior 6. 
c) Zellen breiter. 
a) Zellen nach der Teilung quergestreckt, meist 
31—33/ i breit S. euryphyes 7. 
ß) Zellen nicht quergestreckt, 39—42 ¡j. breit oder 
breiter S. maior var. maximus 6. 
2. In der Gallerte von Coelosphaerimn lebend S. endobioticus 8. 
ENTQPHYSALIS Kutzing,1843 
' B e s t i m m u n g s s c h l ü s s e l d e r A r t e n 
1. Mann 
1. Zellen ohne Hülle 2—5/y groß . . . . E. granulosa 1. 
2. Zellen ohne Hülle 4—6 u groß . . . . E. Magnoliae 2. 
II. Im Süßwasser E. samoeusis 3. 
PLEUROGAPSA Thuret in Hauck,1885 
B e s t i m m u n g s s c h l ü s s e l d e r A r t e n : 
I. Im Süßwasser. 
1. Membranen farblos, bei PL minor gelegentlich gelblich. 
A. Zellen 4 — 2 6 ^ groß l'l. fluviatilis 1. 
B. Zellen kieiner 1>1. miuor 2. 
2. Membranen rotbraun. 
A. Membranen dick PL polonica 3. 
B. Membranen dünn Tl. aurantiaca 4. 
II . Marin. 
1. Lager aus seitlich miteinander verwachsenen, deutlichen 
Faden bestehend. 
A. Zellen 5—15 u breit l'l. crepidiiium 5. 
B. Zellen 3—7 ^ breit l'l. miiiuta 6. 
2. Fadenbau wenig deutlich oder fehlend. 
A. Membranen farblos. 
a) Zellen bis 36 groß i'l. uiugiia 7. 
b) Zellen kleiner. 
a) Zellen violett I'l. amelir ^tea 8. 
ß) Zellen anders gefärbt . . . I'l. fulii;;vosa 9. 
B. Membranen gelb bis braun l'l. eiitophysaloidos 10. 
CHLORQGLOEA Wille,1900 
B e s t i m m u n g s s c h l ü s s e l d e r A r t e n 
I. Mann 
1. Lager epii)hytisch. 
A. Zollen 1—1,5x2 / . i groß, in Reihen Chi. tuberculosa l. 
B. Zellen 0 , 8 — 1 , 2 g r o ß , meist nicht in Reihen 
Ohl. ooriftTta 2. 
2. Lager endoi)hyti.sch Chi. etulüphytica 3 
II. Im Süßwasser 
1. Zellen 2—3,8,u groß Ciil. mlcrocvstoides 4. 
2. Zellen 1 , 5 — 2 , 5 g r o ß Chi. purpurea 5. 
in 
X E N O C O C C U S T h u r e t in B o r n e t - T h u r e t , 1 8 8 0 
Best immungsach l i i vsae l der A r t e n ' ) ; 
I. Süßwasaerarten. 
1. Zellen breiter ala 3 ¡i. 
A. Zellen 8,5—10/^x10—\7 u groß X. chrooroccoidos 1. 
B. Zellen meist 4—ß ¡i breit X. Koriieri 2. 
C. Zellen meist 3—4 /< breit X. rivtilaris 3. 
2. Zellen achmäler als 3 /i. 
A. Zellen 1,5—3/i x 3 — 5 , 5 g r o ß . . . . X. i^racüis 4. 
B. Zellen 1,6—2,2/iXl,r)// groß. . . . X. miniinus 5. 
I I . Marine Arten. 
1. Zellen bis 9 /j. breit. 
A. Lager eine blastoparenchymatische Scheibe, Zellen 
3—4 II groß X. Luysanonsis 6. 
B. Lager aus locker angeordneten Zellen best<»hend. 
a) Zellen 3—6 /i groß X. acervatus 7. 
b) Zellen größer. 
a) Zellen meist einzeln, vegetative Teilungen mehr 
oder weniger hinterdrückt . . X. Gilkeyae S. 
ß) Zellen in blastoparenchymatischen lockeren 
Gruppen X. Schousboei 9. 
2. Zellen größer. 
A. Zellen 8—15 (—22) fi breit. 
a) Zellen keine deutlichen Blaatoparenchyme bildend 
X. Cladophorae 10. 
b) Zellen in Blastoparenchymen . X. pyriformis 11. 
B. Zellen bis 45 u groß . . . . X. Chaetomorphae 12. 
From D e s i k a c h a r y (1959 
X E N O C O C C U S T h u r e t , 1 8 7 5 
K E Y T O T H E S P E C I E S 
1. Frrshwatrr 1- A', kerntri (p. 181) 
1. Niaruir 2 
2. Crlls lip to 9 |j. broad 2. .V. acrrvatus (p. 182) 
2. Crlls broader 3 
3. Crlls vip to 4.5 (i broad .V. chnetomorphae (p. 182) 
3. Crlls nuK-h smaller 4. A', clailflphnrae (p. 183) 
API^I'NDIX ^ . 
L nuclear magnetic rcsunancu spc c t: roscopy . 
1 3 
Like any form of spectroscopy, C nmr spectroscopy 
involves absorption of radiation by a molecule as it 
passes from ground state to an excited,higher energy 
state. Like electrons, the nuclei of certain atoms 13 
(for example nuclei of odd mass like C) are considered 
to spin, generating a magnetic moment along the axis 
of spin. In nmr spectroscopy an applied magnetic field 
is used to measure the energy level at which nuclei will 
'fiip' from a low energy state (magnetic moment aligned 
with applied magnetic field; parallel) to a high energy 
state (aligned against the applied magnetic field; anti-
parallel. equation relating the energy, strength of 
the magnetic field and frequency of radiation is 
H E = h^) , where = ^ o 
2-i 
and E is the energy required, h is Planck's constant, 
H^ is the strength of the magnetic field, V is the frequencv 
of radiation and ^ is a nuclear constant called the 
gyromagnetic ratio. 
The amount of energy required to cause these transitions 
or resonances depends not only on the type ol nuclei 
absorbing energy, but also on the effective magnetic 
field at the nuclei. U'hen electrons are placed in a 
magnetic tield, they circulate causing secondarv fields, 
either opposing or :i 1 i o ,i [ nu with the applied magnetic 
field, resulting in shielding or deshielding, res [)ective1v. 
iVi 
The extent of this shielding/deshielding is dependent 
on the strength of the magnetic field. The greater the 
electron density around the nucleus, the more the nucleus 
is shielded from the full strength of the applied magnetic 
field and the greater the energy required to cause 
resonance. 
In practice, it is found most convenient to keep 
the frequency of radiation constant and to alter the 
strength of the applied magnetic field. At some value 
of the field strength, the energy required to 'flip' 
the nucleus matches the energy of the radiation, absorption 
occurs and a signal is observed. The applied field strength 
at which resonance occurs is measured in relation to that 
required for resonance of a very electron dense standard, 
usually tetramethylsilane (TMS). The standard is therefore 
shielded. 
The shift in energy required for resonance by nuclei 
in different electro-magnetic environments is termed 
the chemica1 shift and is said to occur downfieId from 
TMS. The chemical shift is not measured in gauss, but 
in the equivalent frequency units and is commonly expressed 
using the delta scale (S ), where 
^ _ the observed shift (MHz) 
the frequency of the spect rometer (. MHz ) 
The TMS signal is taken as Ü.Oppm. The result is that 
the chemical shift for a particular nuclci has ¿1 constant 
delta value ( ̂  ), which is independent of the radio-
frequency used. A typical '^C nmr spectrum is shown 
in F i g u r e fti^ 
A n u c l e u s w i t h a p a r t i c u l a r m o l e c u l a r e n v i r o n m e n t 
shows m u c h the same c h e m i c a l s h i f t , w h a t e v e r the type 
of m o l e c u l e of w h i c h it is part (uniess it is g r e a t i y 
e f f e c t e d by s h i e i d i n g / d e s h i e l d i n g , for e x a m p i e b y T T e i e c t r o n s ) . 
C o n s e q u e n t l y there are tabies of c h e m i c a l shifts c h a r a c t e r i s t i c 
of c e r t a i n m o i e c u i a r g r o u p s (Knowles et a i , 1 9 7 6 ; B e i e r et a i , 1 9 8 0 ) 
For a net a b s o r p t i o n of I'ad i a t ion to o c c u r , there 
need to be i n i t i a l l y more n u c l e i in the lower e n e r g y 
s t a t e . The n u m b e r of n u c l e i in the two levels d e p e n d s 
on the r e l a t i v e v a l u e s of the average t h e r m a l e n e r g i e s (kT) 
and the e n e r g y gap (g^H) between s t a t e s , and is given 
by the B o l t z m a n n d i s t r i b u t i o n 
e x p 
At room t e m p e r a t u r e , the ratio of n u c l e i in the two states 
is almost u n i t y , so that very sensitive d e t e c t i o n s are 
r e q u i r e d and a gain in sensitiv^ity can be a c h i e v e d by 
l o w e r i n g the sample t e m p e r a t u r e . 
Due to the fact that u p p e r and lower e n e r g y states 
are almost e q u a l l y p o p u l a t e d , the s e n s i t i v i t y in nmr 
s p e c t r a is l o w . The s i g n a l - t o - n o i s e ratio may be improved 
by using a s i g n a l a v e r a g i n g d e v i c e . H o w e v e r , the improvement 
in s i g n a l - t o - n o i s e r a t i o is p r opo r (_ i ona 1 to the scjuare 
root ol the n u m b e r of s c a n s , so th'j lime scale for data 
a c q u i s i t i o n s u f f e r s . I ii pu 1 sed !-\ui r i e r ttMnsform nnir 
a l l the f r e q u e n c i e s of a b s o r b a n c e of n u c l e i in the sample 
are e x c i t e d t o g e t h e r , and r e s o n a n c e data c o l l e c t e d 
Figure Ai . C nmr spectra of intact Synechococcus cells 
and cell extract (from Borowitzka et al,1980) 
C1-I2OH 
140 120 100 80 60 
A. ppm from Me4SI 
40 20 
Inset shows the structure of glucosylglyceroL, the dominant 
organic solute visible in both spectra. Chemical shifts are 
in ppm downfield from tetramethylsilane. Peaks occur at 
characteristic resonant frequencies of the nine carbon 
atoms of glucosy Iglycerol ( . Peak height (or intensity) 
reflects the amount of solute present. Lack of other peaks 
indicates that no other organic solutes were present at 
significant concentration (except for Tris buffer in whole 
cell spectrum [a]). Cells grown in 6Z(w/v) NaCl media. 
Spectrum (a) intact cells 0.13 g wet weight ml \ 19,000 scans, 
(b) cell extract of 0.4 g wet cell weight per ml \ 
12,000 scans. A large difference in signa 1-to-noise ratio 
and resolution can be seen between the two spectra. 
simultaneously, dramatically reducing the time of a scan. 
Since all frequencies are excited together, the spectrum 
so collected is a time domain function (the variation 
of some quantity with time). However, using Fourier 
analysis, any waveform may be expressed as the sum of 
a series of different sine and cosine waveforms, either 
as a function of time or frequency, both expressions 
being interchangeable. Given the time domain function 
(data acquisition), a Fourier transform of the data produces 
a frequency domain function; the spectrum of the resonant 
frequencies. So that using pulse Fourier transform nmr, 
data acquisition times are shorter for concentrated solutions, 
and the sensitivity is increased in spectra with long 
periods of data acquisition. 
An nmr spectrum is the result of many scans, so the best 
signal will arise if nuclei which had been excited are 
allowed to return to ground state between scans. In 
dynamic state the loss of energy from the high energy 
state is known as spin-lattice relaxation, and the speed 
at which this occurs, as the spin-lattice relaxation 
time, T^. The loss of energy from the spins usually 
results in sample heating. The spin-lattice relaxation 
time usually depends on the molecular environment and 
times are relatively long in liquids. If the spin-lattice 
relaxation time is too long compared to the time between 
scans, the signal saturates becausc^ the low lo high energy 
transitions take place too quickly for the relaxalion 
process to be effective; that is, the transitions equalise 
the number of spins in the two energy ievels and the signal 
disappears, If the spin-lattice relaxation time is too short 
the resonance lines are broadened. This is explained 
by the Heisenberg uncertainty principle which implies 
that if a system exists for a short period of time, then 
the energy of the state is not well defined and the energy 
range is related to its lifetime. However, in nmr 
loss of signal due to this effect 
is only encountered in systems which are strongly para-
magnetic, undergoing slow chemical exchange or which 
contain quadrupolar nuclei, such as l^N. 
Spin-spin relaxation may occur when dipolar interactions 
cause mutual spin-'flip' transitions. This limits the 
lifetime of a spin in the upper state without changing 
the total number of spins in the state. This relaxation 
does noc alleviate saturation, but contributes to the 
lifetime broadening of the line. Electromagnetic radiation 
can itself cause spin-'flip' transitions (from high to 
low energy levels) involving emmission of radiation of 
the same frequency as low to high energy levels. 
The most important features of an nmr spectrum are 
the position of the resonances (chemical shifts) and 
the splitting of the resonances (called spin-spin splittings). 
Spin-spin splittings arise f r o m the interaction of the 
nuclear magnetic moment with magnetic moments of surrounding 
nuclei. I'he direction of this local magnetic field 
is determined by the spin number il) of the nucleus. 
1 3 
For nuclei with spin number (I) of ^ (like C), the locai 
magnetic field of a nucleus can either oppose or reinforce the 
spectrometer field producing resonances at slightly higher and 
lower magnetic field strengths. The possible combinations o'f' 
parallel and anti-para 1le 1 alignments of equivalent adjacent 
nuclei resul-i in a doublet resonance (two equal peaks) for 
one adjacent nucleus, and a triplet resonance (three peaks in 
height ratios 1:2:1) for two adjacent nuclei (see Fig.11). 
The separation of these peaks is a measure of the 
effectiveness of the spin-spin splitting, called the 
coupling constant J (in Hz). The value of J remains the 
same regardless of the applied magnetic field. 
Spin-spin coupling is reciprocal, each nucleus affecting 
the other. So the split signals from each nuclei indicate that 
they will be related to juxtaposed nuclei. The value of 
J can then be used to unequivocally assign which set of 
split signals are caused by which other nuclei. 
The symmetrical intensity (peak height) of splitting 
predicted (1:1 for a doublet or 1:2:1 for a triplet) is 
rarelv observed. Symmetrical multiplets occur when the 
separation between oach set of; multiplets is vcrv large relative to 
the separation within the multiplets; that is when the 
diCference in chemical shifts is much larger than the 
coupling constant. ik)wever, in almost everv c^ise the 
inner peaks (those nearer the other coupled multl[Mets) 
are larger than the outer peaks. This asymmetry helps 
match the second multiplet. 
13 1 
In organic molecules C- H interaction produces 
spin-spin splitting of the carbon resonances, resulting 
in complex spectra with reduced signal-to-noise ratio. 
However, protons subjected to a rapidly varying magnetic 
field will resonate at a frequency corresponding to the 
average value of the field. The carbon nuclei will the 
only react to the average value of the orientations and 
the spin-spin splitting ceases. So it is normal to 
'decouple' all the hydrogen nuclei in a sample by irradiating 
with a range of frequencies which cover the whole proton 
resonance spectrum. 
Proton decoupling also causes a larger difference 
in the populations of the upper and lower energy states 
of the carbon atoms, called the nuclear Overhauser enhancement 
(n.O.e.).The integrated areas of proton decoupled peaks 
are about 2.99 times that of undecoupled peaks. The n.O.e. 
may also be used as a measure of the effect of dipolar 
interactions (^^C-^H) on the relaxation of ^^C nuclei. 
Values of 2.99 mean complete relaxation by this mechanism. 
Otherwise various contributions to the spin-lattice 
1 3 1 
relaxation time may be obtained from T^ due to C- H 
interaction „ch 1.99 
1 ( n . C). c . - 1 ) • 
and due t o other fact o r s 
i - 1 - 1 
..other " ch 
M ' 1 ' 1 
lO. 
R e l a x a t i o n by N d i r e c t l y bonded h y d r o g e n atoms w i l l p r o d u c e 
spin l a t t i c e r e l a x a t i o n times of N T ^ . For h y d r o g e n bearing 
c a r b o n s in d i a m a g n e t i c m o l e c u l e s (Like g l u c o s y l g l y c e r o l ) , 
1 1 1 
spin l a t t i c e r e l a x a t i o n u s u a l l y o c c u r s via C- H d i p o l e -
d i p o L e i n t e r a c t i o n s . C o n s e q u e n t l y you e x p e c t to see 
m a x i m u m n . 0 . e . 
13 
In s u m m a r y , in a C nmr s p e c t r u m : 
1.Each r e s o n a n c e peak i n d i c a t e s a p a r t i c u l a r type of 
13 
C n u c l e u s P r e s e n t in the s a m p l e . 
2 . The p o s i t i o n s of the r e s o n a n c e s (i.e. the c h e m i c a l s h i f t s ) 
r e v e a l the f u n c t i o n a l g r o u p to w h i c h a r e s o n a n c e b e l o n g s . 
3 . P e a k areas r e p r e s e n t relative ratios of the number of 
a b s o r b i n g n u c l e i for each signal (under the spectral 
a c c u m u l a t i o n c o n d i t i o n s used h e r e ) . 
4 . P e a k m u l t i p l i c i t y or s p l i t t i n g Indicates the number 
of n e i g h b o u r i n g n u c l e i w i t h m a g n e t i c m o m e n t s . In 
g e n e r a l a set of N adjacent n u c l e i w i l l split an 
nmr signal into N+1 p e a k s . 
5 . R e c o g n i t i o n of m u l t i p l e t s o c c u r s from the spacings within 
them and from the symme t r ic a I / a s vmme t r ic a 1 intensitx" 
p a t t e r n . The d i r e c t i o n in w h i c h the h i g h e s t peaks 
are found is the d i r e c t i o n in w h i c h the r e c i p r o c a l 
s p l i t t i n g will be f o u n d . 
The term natural a b u n d a n c e is used to d e s c r i b e 
the fact that ^ is a j^prox i ma t 1 e\' 1 ot n a L u r a l l v 
o c c u r i n g c a r b o n , and IhaL ir^' not grown on ,i L r 
e n r i c h e d with s u p p l i e d c^iLhor ;i s C O , or X:iHC()^ 
a i? 
to enchance the level of C in the organic components 
of the cells. So detecting organic components in the 
13 
ceil cytoplasm by natural abundance C nmr reveals only 
the major organic components present and cell resonances 
are seen as single peaks. 
To increase the sensitivity of detection the abundance 
13 of C may be increased in a compound. However, more 
13 
isomers with adjacent C atoms will occur with a resultant 
increase of spin-spin spliting of resonances. 
13 
C nmr spectroscopy is a powerful way to identify 
organic componds present in a solution because it detects each 
type o f c a r b o n n u c l e i present in solution. Additionally^ 
because this technique can be used to estimate the abundance 13 
and distribution of C, from the spin-spin splitting, 
it is useful in examining the source of carbon for the 
12 13 
synthesis of organic compounds and for examining C/ C 
turnover in these compounds. 





mg.I ^ ) (g.I ^ 
H^BO^ 2 .86 - 0. 50 
MnCI^^H^O 1 .81 - -
MnSO,.H^O 4 z - 0. 36 2. 28 
ZnSO/.7H^0 4 z 0 .222 0. 044 0. 50 
CuSO/.H^O 4 Z 0 .079 0. 0196 0. 025 
Na^MoO/.2H.0 z 4 z 0 .039 0. 0126 0. 025 
COCI^.BH^O - - 0. 045 
Co(N02)2.6H20 0 .0094 0. 0246 -
H^SO^ (conc. ) - - 0. 5ml 
# from Stanier et al. (1971 ) . 
§ from Guillard (1963 ) . 
- from Castenholtz (1970). 
Appendix ^SHT . Analysis of spin—spin splitting of 
13 ' the C^ resonance of glucosyIglycerol 
The example given is that when Synechococcus NlOO is grown 
13 with 907o C bicarbonate and salt shocked in the presence 
1 3 of natural abundance bicarbonate (1.11 C). 
after singlet^ doublet^ triplet" total 
shock (mg) (mg) (mg) (mg) 
min . ) 
0 nil 6.2 19.1 25.3 
20 0.9 9.5 21.3 31.7 
30 0.9 9.3 18.3 28.5 
47 1.7 10.0 20.2 31.9 
66 4.2 12.1 21.8 38.1 
108 6.4 11.3 17.4 34.0 
140 5.2 12.1 18.6 36.2 
172 5.2 11.3 18.5 35.0 
218 5.6 11.8 18.2 35.6 
# Represents all isotopomers of glucosylglycerol with 
12 '_13 '_12 ' 
j_ 2 3 
§ Represents all isotopomers of glucosylglycerol with 
13^' 13.' 12„' 12.' 13.' 13.' 
C ^ - 2~ 3 
- Represents all isotopomers of glucosylglycerol with 
13 ' _13. ' _13 ' 
X 2 ^ 
The weights of each resonance can be used to make an 
1 3 
estimate of the abundance ot C throughout the glycerol 
moietv, assuming random distribution ot; ^^C. 
31X1) 
If we assume the abundance of C to be 'x', then the 
singlet resonance represents (1-x ) (x ) (1-x ) , the 
doublet resonance represents (x){x)(l-x) plus (l-x)(x)(x) 
and the triplet resonance represents (x)(x)(x). 
13 ' When these are expressed as a fraction of the total C^ 
resonance seen, the expressions reduce to quadratic 
a equations: singlet resonance = (1-x) 
doublet resonance = 2(l-x)(x) 
triplet resonance = x^. 
The solutions to the quadratic equations provide estimates 
13 of the abundance of C. When the estimates agree, the 
data are consistent with uniform random distribution of 
13 C throughout the glycerol moiety of glycosylglycerol. 
For example, at t=0 minutes: 
(a) doublet as a fraction of the whole resonance seen is 
6.2/25.3. This equals 2(l-x)(x). That is 
6.2 
25.3 
= 2(l-x)(x), therefore x=0.857. 
13 
That is abundance of C is 85.7^. 
(b) triplet as a fraction of the whole resonance seen is 
^ = x S therefore x = 0.869. 
13 That is the abundance of C is 86.9Z. 
Both estimates agree within experimental error, so the data 
13 
are consistent with uniform random distribution of C 
throughout the glycerol moiety of glucosyIglycero1. 
In this particular experiment, however, as time after salt 
shock progressed, the estimates diverge from a common value. 
For example, at t=108 minutes: 
(a) singlet resonance estimate is 
= (l-x)2, therefore x = 0.566, indicating 5 6 . 6 7 o ^^C. 
34.0 
(b) doublet resonance estimate is 
= 2(l-x)(x), therefore x=0.790, or 79.01 ^^C. 
34.0 
(c) triplet resonance estimate is 
iZ-iA = x2, therefore x = 0.715, or 7 1 . ^ ^ C . 
34.0 
Since estimates do not agree there cannot be uniform random 
13 
distribution of C throughtout the glycerol moiety ot 
glucosylglycerol under these conditions in Synechococcus NlOO 
2 o x 
Appendix VIII. Identification of L-glutamatebetaIne. 
In spectra of Calothrix N181 and N201, a prominent 
resonance near 53.3 ppm was observed. The peak was broad 
suggesting that it might arise from carbon coupled to '̂̂ N 
(as in the case of glycinebetaine) , but clear splitting 
was not resolved. The spectrum of a partially purified 
extract of Calothrix N181 showed that the solute responsible 
for this peak also contained two methylene carbons (CH), 
a methine carbon (CH2) and two carboxylate carbons, 
suggesting that this compound may correspond to L-glutamate-
betaine (N-trimethIy-L-glutamate; below) 
C H 2 
C H 2 
CH 
( C H 3 ) 3 N \ o O 
This was confirmed by synthesis of the authentic 
compound by the method of Dakin & West (1929). The product 
had ^^C chemical shifts of 25.0(t), 35.1(t), 53.5(q), 
80.0(d), 173.2(s) and 181.9(s) in D^O at pH 9, and 22.9(t), 
31.0(t), 53.(;(q), 75.7(d), 170.5(s) and 176.5(s) in D^O 
at pH 0.9, in excellent agreement with those of the 
osmoregluatory solute found in Calothrix N18I and N201. 
Appendix IX Taxonomic groups among Cyanobacterla^ 










Gloeocaps a Yes 
Gloeothece Yes 
Synechococcus Yes 





Pleurocaps a No 
Xenococcus No 
Lyngbya-Phormidium-PIectonema 
group A Yes 
group B Yes 
Oscillatoria No 
Pseudanabaena No 





Nos toe No 
Scytonema Yes 
ChIorogIoeo[)sis Yes 
Fi schere Lia No 
§ From Rippka et a I . ( 1 9 7 9 ) and Rii^pka & Cohen-Bazirc (1983) 
Appendix x . Taxonomic traits used by Rippka et al.(1979). 
Traits for Sectional Assignment 
Unicellular/filamentous 
Type of reproduction/cell division 
Production of heterocysts (+/-) 
Number of planes of division 
Extra traits for generic assignment 
Thylakoids (+/-) 
Consistent production of a distinct sheath 
Cell shape 
Shape of cellular aggregate 
Motility of reproductive daughter cells 
Shape of trichome 
Constrictions between cells in a trichome 
Production of polar gas vacuoles 
position of heterocysts 
Extra traits to establish groups within a genus 
Cell width 
Motility of vegetative cells 
Number of cells in a trichome 
Production of conical end cell in a trichome 
Production of gas vacuolated hormogonia 
Disintegration of trichomes into individual cells 
Growth as an even suspension in liquid culture 
Production of akinetes 
Akinetes readily evident 
Lysis by cyanophage 
Synthesis and type of accessory phycobilin pigments 
High ratio of red /blue phycobilin pigments (red colour) 
Synthesis of nitrogenase in anaerobiosis 
Facultative photoheterotrophy 
Thermophily 
Growth requirement for vitamin B^^ 
Complex ionic requirements for growth 
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